The Effects of Chronically Elevated N and S Deposition on the Nutrition and Physiology of Sugar Maple at the Bear Brook Watershed in Maine by Bethers, Suzanne
The University of Maine
DigitalCommons@UMaine
Electronic Theses and Dissertations Fogler Library
5-2008
The Effects of Chronically Elevated N and S
Deposition on the Nutrition and Physiology of
Sugar Maple at the Bear Brook Watershed in Maine
Suzanne Bethers
Follow this and additional works at: http://digitalcommons.library.umaine.edu/etd
Part of the Forest Biology Commons, and the Forest Management Commons
This Open-Access Thesis is brought to you for free and open access by DigitalCommons@UMaine. It has been accepted for inclusion in Electronic
Theses and Dissertations by an authorized administrator of DigitalCommons@UMaine.
Recommended Citation
Bethers, Suzanne, "The Effects of Chronically Elevated N and S Deposition on the Nutrition and Physiology of Sugar Maple at the
Bear Brook Watershed in Maine" (2008). Electronic Theses and Dissertations. 1426.
http://digitalcommons.library.umaine.edu/etd/1426
THE EFFECTS OF CHRONICALLY ELEVATED N AND S DEPOSITION ON 
THE NUTRITION AND PHYSIOLOGY OF SUGAR MAPLE AT THE 
BEAR BROOK WATERSHED IN MAINE. 
By 
Suzanne Bethers 
B.S., University of Utah, 2002 
A THESIS 
Submitted In Partial Fulfillment of the 
Requirements for the Degree of 
Master of Science 
(in Forest Resources) 
The Graduate School 
The University of Maine 
May, 2008 
Advisory Committee: 
G. Bruce Wiersma, Professor of Forest Resources, Advisor 
Michael E. Day, Associate Scientist of Forest Ecosystem Science 
Ivan J. Fernandez, Professor of Soil Science 
THE EFFECTS OF CHRONICALLY ELEVATED N AND S DEPOSITION ON 
THE NUTRITION AND PHYSIOLOGY OF SUGAR MAPLE AT 
BEAR BROOK WATERSHED IN MAINE. 
By Suzanne Bethers 
Thesis Advisor: Dr. G. Bruce Wiersma 
An Abstract of the Thesis Presented 
in Partial Fulfillment of the Requirements for the 
Degree of Master of Science 
(in Forest Resources) 
May, 2008 
The Bear Brook Watershed in Maine is a paired watershed system; one watershed 
has been acidified bimonthly with granular ammonium sulfate ( (NH^SO^ since 1989. 
The adjacent watershed is used as a reference. This acid deposition treatment presents 
unique opportunities to look at the long term affects of acidification on vegetation. Acidic 
deposition continues to be a concern for the health of sugar maple (Acer saccharum Marsh.) in 
northern hardwood forests. Many studies show a connection between base cation depletion 
induced by acid deposition and sugar maple decline. In this text we review sugar maple ecology 
and their response to forest acidification, we investigate the response of sugar maple saplings to 
chronic N and S deposition, and we compare foliar nutrients of three size classes of sugar maple 
at BBWM. 
At the Bear Brook Watershed in Maine (BBWM), we examined the effects of 
artificially elevated nitrogen and sulfur deposition on sugar maple sapling foliar 
chemistry, growth, and photosynthetic capacity. We observed a 56% increase in Al and a 
25% reduction in mean foliar Ca for sugar maple sapling foliage on the treated watershed 
compared to reference. Foliar N (+15%), P (+10%), and K (+15%) were significantly 
elevated in treated saplings. Saplings on the treated watershed had significantly lower 
carboxylation capacity (-24%), electron transport (-15%), and tri-phosphate utilization (-
11%). Net photosynthesis (Anet) was not significantly different between watersheds, 
respiration was significantly lower in treated saplings, and growth trends and sapling 
distribution do not show any clear treatment effects. We conclude that saplings, though 
they show depressed levels of base cations and lower photosynthetic capacity, show little 
sign of physical decline after 17 years of elevated nitrogen and sulfur deposition. 
We also investigate the variation of foliar chemistry in sugar maple of three size 
classes at BBWM - seedlings, saplings, and mature trees. Results showed, independent 
of deposition levels, mature tree foliar chemistry was at consistently lower nutrient levels 
relative to juvenile trees, with the exception of higher foliar carbon. Levels of base 
cations have been declining in mature trees since 1998, along with declines in growth. 
Seedlings and saplings had comparable levels of most foliar elements, with the exception 
that seedlings have significantly higher calcium, aluminum, and zinc compared to 
saplings. Treated seedlings and saplings had significantly lower levels of foliar calcium 
and higher levels of nitrogen, phosphorus, and potassium compared to untreated 
juveniles. Differences between mature trees and juveniles were attributed to declines in 
mature trees across both watersheds, as well as contrasts in rooting, morphology, and 
stress exposure across size classes. A significant ice storm in 1998 may be responsible 
for changes in foliar chemistry and growth. 
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Chapter 1 
LITERATURE REVIEW 
Introduction 
This thesis focuses on the response of sugar maple to nitrogen deposition and soil 
acidification at the Bear Brook Watershed in Maine (BBWM). Chapter two is a detailed 
study of physiology and growth in the sapling stage, while chapter three presents a 
comparative analysis of foliar chemistry in the seedling, sapling, and mature size classes. 
This chapter provides a review of the literature relating to the establishment and ecology 
of sugar maple, how atmospheric deposition has altered the forested systems of the 
Northeast, and how these changes may have contributed to sugar maple decline. Finally, 
the context of this study will be set by reviewing the treatment and past research at the 
BBWM long term research site. 
Sugar Maple Ecology And Regeneration 
Sugar maple, Acer saccharum Marsh., is an important species across the 
northeastern United States. They can reach 35 meters in height and nearly 1 meter in 
diameter (Farrar 1995). They have long life spans averaging 250-300 yrs. Sugar maple 
is economically important for syrup, wood products, and tourism. It is a shade tolerant 
species, coexisting often with beech, basswood, birches, and red spruce. Sugar maple is 
prevalent from the Canadian maritimes to the great lake regions of North America and 
reaches down to the higher elevations of the southern Appalachians. It is the most 
abundant hardwood in New York and Vermont, and the second most abundant in Maine 
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and New Hampshire (Lovett 2004). This section investigates the characteristics and 
mechanisms that have made sugar maple dominant in Northeastern forests. 
Reproduction and Establishment 
Tree diversity is sustained in the northeastern forests by niche variation in species 
and heterogeneous disturbance within the canopy. Sugar maple effectively establishes 
itself in northeastern forests by producing an extensive and persistent seedling bank. 
Seed drop is concurrent with leaf abscission, and seeds are, therefore, layered within the 
litter. Viable seeds germinate under the snow pack. In early spring, seedlings emerge as 
the snow melts, and their strong root radicles are able to penetrate the wet leaf mat 
(Barnes et al. 1998). This ability allows widespread germination in good years. 
Once established in the understory, growth is limited and survival is challenging. 
In a one hectare area of a Wisconsin forest, sugar maples produced 6,678,400 seeds 
(Curtis 1959). Fifty six percent of seeds germinated to make 3,673,100 seedlings, but 
only 3% of germinants (35,380) survived 2 years later. Curtis estimated that out of the 3.7 
million germinated seeds two would reach the canopy. 
Sugar maple both survive in the understory and capture gaps by having a plastic 
physiology. Survival in the understory, in part, is dependent on keeping carbon costs 
low. Seedlings grow slowly and limit respiration and photosynthesis in order to survive 
in the light limited environment. Sugar maple can regulate photosynthesis according to 
light availability; other less shade tolerant species tend to have higher growth rates except 
in the most dense shade, and more shade tolerant species tend to have slower growth 
responses to light (Walters and Reich 1996, Beaudet and Messier 1998, Beaudet et al. 
2000, Kaelke et al. 2001). Walters (1993) found that in the understory, paper birch 
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demonstrated three times the photosynthetic rate of sugar maple and almost double the 
photosynthesis; this high growth rate is effective in high light, but causes an 
unsustainable respiratory cost in low light conditions. 
Though sugar maple are shade tolerant, their survival improves significantly with 
light availability (Kraft et al. 2004). For example, in a study conducted by Walters and 
Reich (1996), at 2% light (representative of a closed canopy) 100% of birch seedlings 
died, while 20% of sugar maples survived the second year. In the first year no sugar 
maple or oaks died - which was attributed to their larger seed size. At an increase of 
light to 8%, 70-80% of birch survived the second year, while maple survival increased to 
50% (Walters and Reich 1996). 
Reaching the Canopy 
Responding rapidly to even small increases of light is an important quality in the 
disturbance regime of the northeastern forests. These forests have frequent small scale 
disturbances and infrequent large disturbances. The most frequent disturbance types are 
wind, glaze damage, insect and microbial attacks; these tend to result in partial crown 
loss up to multiple tree falls (McClure and Lee 1993). Fires and hurricanes are infrequent 
large scale disturbances that can create stand level disturbance and turnover (Clark and 
Royall 1996, Boose et al. 2001). 
The size of a gap dictates how much environmental change will occur and what 
species are likely to fill the gap. The increased light exposure warms the forest floor 
thereby increasing evapotranspiration and changes the rate of decomposition and 
respiration. Gaps create a variation in the forest environment beyond increasing light. 
Mineral soils may be exposed by the uprooting of trees. The loss of large trees increases 
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deep soil moisture and changes the temperature, humidity and wind in the area. Soil 
conditions, slope and root competition are also important factors in gap dynamics (Cole 
and Lorimer 1994). The larger the gap, the greater the environmental change at the 
forest floor, and the more likely sun-adapted species will establish. 
Responding to small or neighboring gaps is important in establishing advanced 
regeneration. If a gap is created from a single tree fall or a partial canopy loss, canopy 
trees grow laterally to fill that gap before regeneration reaches the canopy. Sugar maple 
seedlings can respond to gaps created 5-10 meters away (Canham 1985). Understory 
sugar maple respond to gaps by having strong apically dominant growth. This is 
advantageous for gap capture as they allocate the most resources into vertical growth. 
Vertical growth, even in small gaps, averages about 28 cm/year, compared with 3 
cm/year in the understory (Canham 1985). Poulsen and Piatt (1996) found similar 
results in small gaps and found that sugar maple could grow up to 70 cm/year in multiple 
trees falls. 
Suppression in the understory is frequent for sugar maple saplings. Cole and 
Lorimer (2005) estimated that in a 10 m2 gap, a sapling one meter tall would have to 
grow 50 cm/yr to capture that gap before it closed - a tall order for almost any temperate 
species. In a study conducted in Adirondack old growth forests, canopy sugar maples 
were found to undergo 2-3 suppression episodes in the understory that could last 14-29 
years (Canham 1985). Poulsen and Piatt (1996) found that those sugar maple reaching 
the canopy spent 20 years suppressed in the understory. 
Advanced regeneration and new germinants must compete with other species for 
a new light resource. Cole and Lorimer (2005) found within single tree gaps (78m2), 
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advanced regeneration was most likely to reach the canopy layer. In their study 35-85% 
of the saplings that were 7-8 m tall were able to reach the canopy; 25-50% of 4-5 meter 
saplings reaching the canopy and less than 20% of 1-2 meter saplings were able to reach 
the overstory (Cole and Lorimer 2005). Advanced regeneration does not guarantee gap 
capture. In large gaps, new germinates have more success reaching the overstory. In 
gaps averaging 1900 m2, McClure et al. (2000) found that 2/3 of the sugar maples that 
reached the canopy were advanced regeneration less than 15 years old. Those canopy 
trees that germinated at the time of gap formation caught up with advanced regeneration 
within 30 years. Another study focusing on logging-generated gaps of various sizes 
found that only 33% of sugar maple came from advanced regeneration (McClure and Lee 
1993). However, logging often creates more soil exposure and damages advanced 
regeneration, giving new germinants a greater advantage. 
Beech bark disease has also created a new competitive dynamic between sugar 
maple and beech for gap capture. As mature beech succumbs to the disease, they send 
up a thicket of vegetative saplings. These thickets can often out compete sugar maple 
juveniles because the beech arise from a mature root network and send out lateral 
branches that shade out competition (Hane 2003). This could have an effect on the future 
structure of the sugar maple-beech forests; it is equivocal as to what that effect may be. 
Site Quality 
In addition to gap distribution, soil conditions determine where sugar maple 
establish. In general moist, well drained soils are preferred by this species. In droughty 
conditions, maples may abscise a large fraction of leaves to limit transpiration, leaving 
them carbon stressed (Pallardy and Rhoads 1993). Seedlings of sugar maple have a fairly 
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inflexibly high allocation to root systems between 55-62% of biomass (Canham et al. 
1996, Walters and Reich 1996, Delagrange et al. 2004). The seed size allows for the high 
investment in root systems. This protects seedlings from moderate drought as well as 
aids in nutrient accumulation. Sugar maple seedlings show moderate root growth 
compared to other large seeded species such as oak. In a greenhouse experiment, root 
growth was no deeper than 20 cm in moist soils and reached 20-40 cm in drought 
conditions (Pallardy and Rhoads 1993). However, sugar maple demonstrated greater root 
length per unit leaf area compared to oak and walnut species because of a thin, highly 
divided root system. 
Adult roots systems are capable of reaching water in deep soil layers and are 
known for their ability to transfer water from deep soil layers to surface soils, a 
phenomenon known as hydraulic lift (Pate and Dawson 1999). One study showed a 
mature maple can lift 50-150 L per night to surface soils, which could account for 30% of 
water transpired in one day (Horton and Hart 1998). With more water in surface soils, 
stomatal conductance and photosynthesis can be maintained later into the day. This 
increase of soil moisture in surface soils also may increase the fine root survival rate, 
thereby reducing carbon costs. 
Nutrient availability is an important factor for seedling success (Catovsky and 
Bazzaz 2002, Juice et al. 2006). Sugar maple grows best on sites with moderately acidic 
to neutral soils with soil pH ranging from 5.5 to 7.5, though they can be found on more 
acidic sites with soil's pH as low as 3.7 (Burns and Honkala 1990). In a study of the 
rhizosphere of saplings in a oak-hardwood forest, they found sugar maples tend to be on 
the highest pH sites in the stand with high calcium concentrations (Bigelow 2002). 
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Others have found that the mature sugar maple were also associated with the most fertile 
sites in the stand (McClure and Lee 1993). 
There is also evidence that sugar maple can improve their site quality. In a study 
conducted on the Canaan Mountain plateau, variations in the pH of surface soil were 
noticeable among trees species. Acer saccharum showed the highest average forest floor 
pH (Finzi et al. 1998). Minerals soils under sugar maples also had higher exchangeable 
calcium. 
In the fall, nutrient resorption is limited in this species, making for nutrient rich 
litter (Curtis 1959). The litter also has low lignin to nitrogen ratios, which makes it a 
good target for microbial decomposition and rapid cycling (Dijkstra and Smits 2002). 
The result is high nitrogen and mineral input into the upper soil horizons. This increases 
the risk of leaching but also increases the nutrient supply to its own roots (Lovett 2004). 
Sugar maple preference for fertile soils may also be, in part, to accommodate 
vesicular arbuscular mycorrhizal (VAM) associations. Vesicular arbuscular mycorrhizae 
are a form of endomycorrhizae that seem to be more sensitive to acidity than 
ectomycorrhizae (Phillips and Fahey 2006). VAM infection rates tend to increase 
significantly in more neutral soils (Ouimet et al. 1995, Juice et al. 2006). 
Sugar Maple Decline 
The sugar maple's affinity for nutrient rich, neutral pH soils, has become a serious 
issue for sugar maple exposed to high levels of acidic deposition. In the past thirty years, 
sugar maple decline has been noted in sites across the northeastern US, and southern 
Quebec and Ontario (Kolb and McCormick 1993, Duchesne et al. 2002, Schaberg 2006). 
These sugar maple showed symptoms of declining radial growth, crown deterioration, 
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twig death, low rates of regeneration, and increasing rates of mortality (Bauce and Allen 
1991, Kolb and McCormick 1993, Long 1997, Horsley et al. 2000, Juice et al. 2006). 
Many factors have been implicated in the sugar maple decline. The term decline 
refers to a complex association of abiotic and biotic stressors leading to deterioration of 
tree health (Manion 1991). Stress and disturbances such as repeated defoliations, glaze 
damage, drought, freeze/thaw cycles, and overstocking have been cited as possible 
contributors to decline (Bauce and Allen 1991, Horsley et al. 2002, Wong et al. 2005). 
A common thread in many sugar maple decline studies has been base cation depletion 
and nutrient imbalance often associated with acidic deposition (Tomlinson 1990, Kolb 
and McCormick 1993, Moore et al. 2000, Duchesne et al. 2002, Schaberg 2006). Soil 
acidification and the disruption of nutrient cycles can reduce the capacity of trees to 
recover from disturbance and provides additional stressors that perpetuate long-term 
decline (Tomlinson 1990, Adams et al. 2000). 
Forest Acidification 
The soil and forest composition that we see today in the Northeast was created by 
thousands of years of biotic and abiotic development. In the pre-industrial period, the 
main acidifier of precipitation was C02. The pH levels of pristine precipitation, 
equilibrated with CO2, is near pH 5.6. This slightly acidic solution induces the dissolution 
of cations from parent materials and mineral deposits until a stable equilibrium is reached 
with the solution. Plants capture and concentrate nutrients into upper soil horizons by 
their accumulation of elements and deposition of litter, and induce solubility of minerals 
by exuding acid compounds and exchanging protons at the root surface for base cations 
(Tomlinson 2003). Nutrients have also been redistributed by the long term aerial 
transport of dust and ash (Vitousek et al. 1995, Tomlinson 2003). 
Acid deposition has reduced the site quality in many northeastern forests (Yanai 
et al. 1999, Fernandez et al. 2003, Bailey et al. 2005). Since the industrial revolution, the 
addition of strong acid compounds into the atmosphere, in the form of nitrogen and sulfur 
oxides, increased substantially. Sources of these acid compounds include the burning of 
fossil fuels, industrial production, and high-temperature combustion (Driscoll et al. 
2001). Ammonium from agriculture also acts as an acidifier as it is oxidized. These 
compounds can decrease the pH of precipitation by an order of magnitude or more. 
Although the emissions of sulfur oxides have been dramatically reduced in the US by the 
Clean Air Acts, nitrogen deposition levels remain relatively constant since the 1980's, 
and sulfur deposition still remains a concern because of rising levels of power production 
(Driscoll etal. 2001). 
Acidic deposition comes in many forms: dry particles, fogs, snow, and rain. High 
elevation conifer sites, which have frequent fog inundation, have been significantly 
impacted by acidification (Borer et al. 2005). Acidic fogs have been shown to be 
particularly damaging to foliage as they directly effect the cellular structure of leaves 
(Jagels et al. 2002). 
Low elevation forest have also been affected by acid deposition (Boggs et al. 
2005). Acidic deposition has been shown to induce changes in the availability of 
exchangeable nutrients present in the soil, while causing a decline in pH (Tomlinson 
1990, Fernandez et al. 1999). Particular attention has been paid to base cations such as 
calcium and magnesium and metal ions such as aluminum and manganese. Calcium, a 
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commonly abundant soil nutrient, has shown significant depletion in many northeastern 
forest soils (Federer et al. 1989, Likens et al. 1998, Watmough et al. 2005). The loss of 
base cations through acid-induced leaching, timber harvesting, and reduced particulate 
transport, has led to declines of base cations in soils; mineral weathering cannot keep up 
with biological demand at current rates of loss in many sites (Bailey et al. 1996). 
Lowering the pH of soils increases the solubility of metals such as manganese and 
aluminum. The bioavailability of manganese increases linearly at soil pHs below 5.5 
(Kogelmann and Sharpe 2006). Lyon and Sharpe (1999) found a strong negative 
relationship between extractable calcium and aluminum in acidic soils. Both manganese 
and aluminum compete with calcium for exchange sites and often reduce calcium uptake 
(Shortle 1988). In addition, both cause forest stress at high concentrations by disrupting 
cellular structures and processes (Cronan and Grigal 1995), (McQuattie and Schier 2000, 
Schaberg 2006). 
Nitrogen deposition, aside from its acidifying affects, has particular biological and 
ecological significance. Nitrogen is commonly the limiting nutrient for growth in 
temperate forests, but is now considered saturated in many once N-limited northern 
forests because of heavy inputs of nitrogen deposition (Aber et al. 1989, Matson et al. 
2002, Aber et al. 2003, Manning 2006). Nitrogen deposition can stimulate growth in 
nitrogen limited environments and increase demand for other trace nutrients (Molden et 
al. 2006). In excess, nitrogen can cause shifts in the soil microbial community, reduce 
biodiversity, cause eutrophication of surface waters, as well as induce declines in soil pH 
(Nams et al. 1993, Makipaa 1995, Hutchinson et al. 1999, Bowden 2004, Wallenstien 
2006). 
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Nitrogen Deposition and Sugar Maple Physiology 
The impacts of nitrogen deposition on sugar maple have been extensively 
researched. If nitrogen is the limiting agent for growth, enhanced N deposition will 
temporarily induce increased basal area growth (Elvir et al. 2003, Boggs et al. 2005), 
increase photosynthesis (Elvir et al. 2006) as well as reducing resource allocation to root 
growth (Catovsky and Bazzaz 2002, Rustad et al. 2006). 
With further acidification, nutrient imbalances develop, especially with calcium. 
Phosphorus limitations have proven to be important in some systems and K in other 
systems. Manganese and aluminum has played an especially important role because it 
competes with Ca in uptake (Kogelmann and Sharpe 2006). Aluminum is not efficiently 
taken up because of its strong positive charge, but it damages root systems (Shortle 
1988). 
Lowering the pH of soils also leads to a loss of mycorrhizal associations. Base 
cation depletion has been connected to loss of mycorrhizal infection at several sites 
(Ouimet et al. 1995, 1996, Juice et al. 2006). On a study conducted on acidic soils, when 
soil pH was increased from 4.1 to 6.2, there was a significant increase in mycorrhizal 
colonization in sugar maples and an increase in photosynthesis. In this case, 50% of the 
photosynthetic increase was attributed to the mycorrhizal association (St Clair and Lynch 
2005a). Another study showed declines in mycorrhizae as well as a slow down in litter 
decomposition with acidification (Hutchinson et al. 1999). Other studies have shown 
equivocal connections between sugar maple decline and loss of mycorrhizae (Ouimet et 
al. 1995). Studies have also shown a decline of seedling establishment and survivorship 
associated with acidified soils (Juice et al. 2006). 
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Sugar Maple at Bear Brook Watershed in Maine 
In the late 1980's, at the height of acid rain concerns, the US Environmental 
Protection Agency sought to establish long-term sites to study ecosystem level 
acidification with the National Acidic Precipitation Assessment Program and the 
Watershed Manipulation Program (WMP). In 1987, the Bear Brook Watershed in Maine 
(BBWM) was established as a WMP site for long term acid deposition research (Norton 
et al. 1999b). It has continued to be used for acidification and nitrogen saturation 
research up to the present time. 
BBWM is a paired watershed system located on the upper southeastern face of 
Lead Mountain (elevation 475m) in eastern Maine, 60 km from the Gulf of Maine 
(44°52' 15"N and 68°06'25"W). One watershed (East Bear, 10.95 ha) has been used as a 
reference and the adjacent similar watershed (West Bear, 10.26 ha) has been acidified. 
The two contiguous watersheds were found to be similar in topography, hydrology, soils, 
vegetation, and stream characteristics (Uddameri et al. 1995). For additional information 
on site characteristics see Norton et al. (1999). 
These contiguous watersheds were calibrated and found to have analogous stream 
chemistries. West Bear has six bimonthly aerial applications of granular ammonium 
sulfate per year ((NH4)2S04) at 28.8 kg S h a ' V and 25.2 kg N ha"'yr'• The treatment 
simulates an increase of 200% and 300% in ambient deposition of sulfur and nitrogen, 
respectively. This simulated deposition has allowed researchers to study the ability of 
acid deposition to transform many watershed processes. 
Stream chemistry has evolved with treatment from mainly base cation export 
(Norton et al. 1999b) to, after several years, base cation export decline and the export of 
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aluminum and iron increased (Norton et al. 2004). Along with changes in stream 
chemistry there have been significant depletions of exchangeable calcium and 
magnesium (Fernandez et al. 2003), and whole watershed nutrient budgets have been 
significantly shifted (Kahl et al. 1999). Base cation depletion and shifts in 
macronutrients have also been reflected in foliar nutrients (White et al. 1999, Elvir et al. 
2006). 
Sugar maple are an important part of the understory and overstory at BBWM. 
Sugar maple seedlings showed one of the highest frequency in understory survey of 
plants in the herbaceous layer (Kenlan 2006). They are also the third most abundant 
mature tree species across both watersheds, behind red spruce and American beech. 
Sugar maple make up 14.5% of tree biomass and 18% of mature trees per hectare (Elvir 
2001). They are also the fourth most abundant sapling, behind American beech, yellow 
birch, and striped maple. 
Mature sugar maple initially responded to the ammonium sulfate treatment with 
increased basal area growth for the first eight years (Elvir et al. 2003). Twelve years after 
treatment began, they showed elevated photosynthesis compared to the reference 
watershed (Elvir et al. 2006). This is an indication of initial nitrogen limitation at the 
site which had a fertilization response to the ammonium sulfate treatment. Initial 
research into maple foliar chemistry, after 3 years of treatment sugar maple showed 
higher levels of nitrogen, phosphorus, aluminum, and iron on the treated watershed 
(White et al. 1999). Calcium was also significantly lower in treated sugar maple. 
Reference sugar maple have been in slow decline since 1990. In 1998, basal area 
growth of treated trees plummeted down to reference levels (Elvir et al. 2003). 
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Concurrent with that precipitous growth decline, there were strong declines in foliar 
calcium in reference and treated trees in addition to weaker declines in magnesium, and 
potassium (Elvir et al. 2005). These declines are near the time period of the 1998 ice 
storm, which caused a significant amount of damage on the watershed. Elvir (2005) 
concluded that the reference maples in East Bear may also be depleted in base cations by 
comparing base cation concentrations in sugar maple from BBWM to that reported by 
Horsley (2000). 
Kenlan (2006) looked at the foliar chemistry and distribution of sugar maple 
seedlings. Seedlings showed significant declines of calcium. He also found significantly 
elevated levels of nitrogen, phosphorus, and potassium. Seedling distribution was not 
significantly different between watersheds. 
Conclusions 
Sugar maple are ecologically unique in regeneration, niche, and chemistry 
demands. Acid deposition, as well as other human induced disturbance and stress, have 
had negative impacts on sugar maple vitality. Sapling physiology may give us more 
insight into whole plant responses to acidification and nitrogen deposition. 
At the BBWM, mature sugar maple initially responded to treatment with 
increased growth and since have shown declines in growth and base cations. In the late 
nineties, researchers noticed a large flush of saplings on the treated watershed. It has 
been suggested that this was influenced by the 1998 ice storm (Irland 1998), but could 
also be strongly effected by the treatment. In the following chapter, we will explore the 
effects of treatment on sugar maple sapling distribution, growth, foliar chemistry, and 
photosynthetic capacity. 
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Chapter 2 
EFFECTS OF CHRONIC, ELEVATED NITROGEN AND SULFUR 
DEPOSITION ON THE NUTRITION, GROWTH, AND 
PHYSIOLOGY OF SUGAR MAPLE SAPLINGS AT BBWM 
Abstract 
At the Bear Brook Watershed in Maine (BBWM), we examined the effects of artificially 
elevated nitrogen and sulfur deposition on sugar maple sapling foliar chemistry, growth, 
and photosynthetic capacity. BBWM is a paired watershed system; one watershed has 
been acidified bimonthly with granular ammonium sulfate ((NH^SO,*) since 1989. The 
adjacent watershed is used as a reference. We observed a 56% increase in Al and a 25% 
reduction in mean foliar Ca for sugar maple sapling foliage on the treated watershed 
compared to reference. Foliar N (+15%), P (+10%), and K (+15%) were significantly 
elevated in treated saplings. Along with changes in foliar nutrients, there were significant 
differences in photosynthetic capacity. Saplings on the treated watershed had 
significantly lower carboxylation capacity (-24%), electron transport (-15%), and tri-
phosphate utilization (-11%). Photosynthetic capacity was slightly negatively correlated 
with foliar manganese and stand density. There were conflicting results showing that net 
photosynthesis (Anet) was not significantly different between watersheds, respiration was 
significantly lower in treated saplings, and growth trends and sapling distribution do not 
show any clear treatment effects. We conclude that saplings, though they show 
depressed levels of base cations and lower photosynthetic capacity, show little sign of 
physical decline after 17 years of elevated nitrogen and sulfur deposition. 
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Introduction 
Sugar maple (Acer saccharum Marsh.) is a ubiquitous shade-tolerant species 
which occupies a broad niche in the deciduous forests of the northeastern quarter of the 
United States and the eastern provinces of Canada. It is the most abundant hardwood in 
New York and Vermont, and the second most abundant in Maine and New Hampshire 
(Lovett 2004). 
For the last thirty years, there has been a trend of sugar maple decline across the 
Northeast that continues today. Decline has been noted in sites across the Northeastern 
US, Quebec, and Ontario (Tomlinson 1990, Bauce and Allen 1991, Kolb and McCormick 
1993, Schaberg 2006). The term 'decline' refers to a complex association of abiotic and 
biotic stresses leading to a gradual deterioration of tree health (Manion 1991). Symptoms 
of sugar maple decline include loss of crown vigor, declining radial growth, increasing 
mortality, and low rates of regeneration (Bauce and Allen 1991, Horsley et al. 2000). 
The decline has been patchy, and disturbances such as repeated defoliations, glaze 
damage, drought, and freeze/thaw cycles have been cited as possible contributors to 
decline (Long 1997, Horsley et al. 2002, Wong et al. 2005). A common thread between 
many declines has been edaphic deficiencies and foliar nutrient imbalances commonly 
associated with high rates of acidic deposition (Kolb and McCormick 1993, Moore et al. 
2000, Duchesne et al. 2002, Schaberg 2006). 
Though sulfur (S) emission levels have dropped in the US since the Clean Air Act 
of 1990, acid deposition remains a concern. Deposition is high in areas downwind of 
heavy industrialization and urbanization (Driscoll et al. 2001). Acidification causes 
accelerated mobilization of positively charged species in the soil as the excess hydrogen 
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(H) equilibrates in the soils (Fernandez et al. 1999, Driscoll et al. 2001, Bailey et al. 
2003). Once mobilized, base cations, such as calcium (Ca) and magnesium (Mg), and 
metals, such as aluminum (Al) and manganese (Mn), can be leached into waterways or 
taken up by vegetation until a new state of equilibrium is reached with H+ and its anion 
carriers (Lawrence et al. 1999, Gbondo-Tugbawa and Driscoll 2003). The intensity of 
nutrient depletion for various elements is dependent on site history and pedology (Bailey 
et al. 2004). 
Nitrogen (N) deposition is not only an acidifying agent but also has particular 
ecological importance. Nitrogen is commonly the limiting nutrient for growth in 
temperate forests, but is now considered saturated in many once N-limited northern 
forests because of heavy inputs of N deposition (Aber et al. 1989, Matson et al. 2002, 
Aber et al. 2003, Manning 2006). Nitrogen deposition can sometimes stimulate growth 
in N limited environments and increase demands for other trace nutrients (Molden et al. 
2006). In excess, N can cause shifts in the soil microbial community, reduce 
biodiversity, cause eutrophication of surface waters, as well as inducing acidification. 
Calcium, being one of the most common exchangeable cations in soils, has shown 
the significant declines in many Northeastern soils (Federer et al. 1989, Likens et al. 
1998, Schaberg et al. 2001, Watmough et al. 2005). Sources of exchangeable Ca, such as 
atmospheric deposition and weathering, are insufficient to replenish the exchangeable 
calcium lost through leaching and plant uptake at many sites (Huntington et al. 2000). 
Sugar maple tends to be more susceptible to soil acidification than coexisting 
forest species. They prefer fertile, moderately acidic, well-drained soils (Burns and 
Honkala 1990). Sugar maple tend to be found on microsites with the highest pH soils in 
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the stand and high exchangeable Ca in soils (McClure and Lee 1993, Bigelow 2002). In 
a study held on the Canaan Mountain plateau, Connecticut, Acer saccharum showed the 
highest average forest floor pH (Finzi et al. 1998). The deposition of their own high 
quality litter neutralizes surrounding surface soils as it decomposes. Because of limited 
nutrient resorption prior to abscission, foliar litter has low lignin to N ratios, which makes 
it a good target for microbial decomposition and rapid cycling (Dijkstra and Smits 2002). 
Sugar maple also have been shown to have the highest rate of nitrification in surrounding 
soils (Templer et al. 2005). This increases the nutrient supply to its own rhizosphere but 
also increases the risk of nutrients lost to leaching (Lovett 2004). 
Sugar maple preference for fertile soils may also be, in part, to accommodate 
arbuscular mycorrhizal associations. Vesicular arbuscular mycorrhizae are a form of 
endomycorhizae, that seem to be more sensitive to nitrogen deposition than 
ectomycorrihzae (Phillips and Fahey 2006). Base cation depletion has been connected to 
loss of mycorrhizal infection at some sites. On a study conducted on acidic soils, when 
soil pH was increased from 4.1 to 6.2, there was a significant increase in mycorrhizal 
colonization in sugar maples as well as an increase in photosynthesis - 50% of the 
photosynthetic increase was attributed to the increase in mycorrhizal association (St Clair 
and Lynch 2005a). Other studies have seen lower levels of mycorrhizal infections with 
lower base saturation, though it is unclear whether mycorrhizal infection contributed to 
tree health (Ouimet et al. 1995, 1996, Juice et al. 2006). 
Calcium is often considered the key element in sugar maple decline (Schaberg et 
al. 2001, Horsley et al. 2002). It is an essential macronutrient important for growth (cell 
division, cell wall construction), cell stability, and stress response (McLaughlin and 
Wimmer 1999). Schaberg et al. (2006) showed a significant relationship between low 
foliar Ca (<5000 ppm) and low membrane associated Ca, which is essential for stress 
response and growth. Resupplying base cations and neutralizing acidity in sugar maple 
stands has been shown to promote diameter growth and increase protein production (Liu 
et al. 1994). A significant reduction in Ca can lead to reduction in cambial growth and 
sapwood area, which in turn may lead to a reduction in crown density (Shortle 1988). 
Low leaf Ca and Mg has also been associated with lower photosynthetic capacity, which 
can be restored with the resupplying of the base cations (Liu et al. 1997). Base cation 
decline has also been shown to hamper recovery from disturbance such as herbivory and 
ice storms (Kolb and Teulon 1991, Noland 2003, Wong et al. 2005). 
Nutrient availability is an important factor for the success of sugar maple 
seedlings as well (Catovsky and Bazzaz 2002). Sugar maple is a shade-tolerant species 
that may be in the understory for decades before reaching the canopy. In the understory, 
sugar maple saplings have to compete for light, rooting space, nutrients, and water. High 
light has been shown to make nutrient poor conditions more stressful for seedlings 
(Canham et al. 1996). St Clair and Lynch (2005b) found that Ca and phosphorus (P) 
limitations were responsible for inhibition of growth of seedlings; exposure to high light 
exacerbated those nutrient limitations. Additions of Ca in acidified areas has increased 
sugar maple seedlings presence and vigor (Juice et al. 2006). 
BBWM is the site of a long-term watershed acidification experiment with the aim 
of understanding the effects of elevated N and S deposition on ecosystem processes. 
The treatment has resulted in high mobilization and export of base cations from the soil 
cation exchange complex (Fernandez et al. 2003). It also has led to N saturation of the 
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treated watershed (Jefts et al. 2004) and increases in N export into surface waters (Kahl et 
al. 1999, Fernandez et al. 2003). Initially, mature sugar maple at BBWM responded to 
the N deposition treatment with increased growth and elevated photosynthesis (Elvir et 
al. 2003, 2006). Current work has shown precipitous declines in mature sugar maple 
growth and base cation levels indicating that the trees may be in decline (Wiersma, 
unpublished). 
In 2006, we investigated the effects of elevated N and S deposition on sugar 
maple saplings at Bear Brook Watershed in Maine (BBWM). In this study, we 
hypothesized that the treatment would lead to elevated levels of foliar N and declines in 
foliar base cations, such as Ca and Mg. It was unclear if sugar maple saplings would 
respond to these potential imbalances with increasing growth or if they would be in a 
state of decline like their overstory counter parts. Site observation led us to hypothesize 
that sugar maple saplings may be responding to the treatment by increasing in growth 
because the treated watershed had a prolific sapling population. To assess these 
hypotheses, we measured sugar maple sapling distribution, growth, foliar nutrients, 
photosynthetic capacity, as well as canopy cover. 
Methods 
Site Description 
This study was conducted at the Bear Brook Watershed in Maine (BBWM) in the 
2006 growing season. Since 1989, BBWM has been used for a long-term acid 
manipulation experiment. It is a paired watershed system with West Bear (10.26 ha) 
experimentally acidified and the adjacent East Bear (10.95 ha) used as a reference. The 
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site characteristics and the long-term experiment has been described in detail by Norton 
etal. (1999b). 
BBWM is located on the southeast slope of Lead Mountain (elev. 475 m) in 
eastern Maine (44°52' N, 68°06' W), 60 km from the Gulf of Maine. Before the 
treatment, the watersheds were calibrated and found to have similar hydrology, slope, 
soils, and forest cover (Uddameri et al. 1995). Climate is continental with short warm 
summers. Annual precipitation is 1.4 meters on average, evenly distributed through the 
year, and average annual temperatures are 4.9°C (Fernandez et al. 2003). Both 
watersheds have first order streams which were shown to have nearly identical chemistry 
before treatment (Kahl et al. 1999, Norton et al. 1999a). Soils are thin and vary from 0 
to 1.5 m in depth, averaging 1 m in depth. Soils are young, mostly coarse to fine loamy 
Haplorthods in the Tunbridge and Rawsonville series underlain with glacial till (Rustad et 
al. 1993). 
The forest cover is softwood on the upper slopes with second growth northern 
hardwood and mixed-wood forest on the mid and lower slopes. Logging occurred in the 
hardwood stands prior to 1945. Dominant tree species include red spruce {Picea rubens 
Sarg.), American beech (Fagus grandifolia Ehrh.), sugar maple {Acer saccharum 
Marsh.), red maple {Acer rubrum L.), and yellow birch {Betula alleghaniensis Britt). 
Sugar maple are the third most abundant mature tree species across both watersheds, 
behind red spruce and American beech, making up 15% of tree biomass and 15-18% of 
mature trees per hectare on East Bear and West Bear, respectively (Elvir 2001). Sugar 
maple seedlings also showed high frequencies in the herbaceous layer (Kenlan 2006). 
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Chemical additions on the West Bear Watershed started in 1989; East Bear 
remains untreated. Ambient deposition (wet + dry) at BBWM was estimated at 8.4 kg N 
ha"1 yr"1 and 14.4 kg S ha^yr"1 (Wang and Fernandez 1999). Treatment on West Bear 
consists of bimonthly aerial applications of granular ammonium sulfate ((NFL^SC^) at 
28.8 kg S ha'Vr"1 and 25.2 kg N ha^yr"1. The treatment simulates an increase of 200% 
and 300% in ambient deposition of S and N, respectively. 
Plots and Sapling Surveys 
The intent of this study was to compare treated (West Bear, WB) and untreated 
saplings (East Bear, EB) that had sufficient light for potentially active growth. A 
hardwood forest can be characterized by four different strata: herb (0-0.5 m), shrub (0.5-2 
m), understory (2-15 m) and overstory (> 15 m) (Boremann and Likens 1979). The term 
sapling is used broadly in the literature and is applied to those trees from the herb 
layer(Augspurger and Bartlett 2003) up to the understory layer (Webster and Lorimer 
2005, Kobe 2006). In this study, sugar maple saplings we defined as being from the 
understory layer, between 2-4 m in height and 0.5-2.5 cm DBH. DBH parameters were 
chosen to narrow the age and root structure of the tree; 2% of saplings that were within 
that height range did not fit the diameter requirement. Saplings that were growing from 
the base of mature sugar maples were excluded from the survey because of known or 
suspected connections to a parent tree. 
Sugar maple saplings distribution and morphology were surveyed across 
watersheds by establishing 84, 15 m X 15 m (225 m2), plots. A grid system, aligned to 
geodetic north, overlays the site with posts at 30 m increments grid intersections. Each 
grid intersection was previously classified by forest cover type - softwood, hardwood, 
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and mixedwood. Using these grid point intersections as a selection pool of potential plot 
centers, 42 points were randomly selected across hardwood and mixedwood sites on each 
watershed. Grid intersections were randomly selected without replacement with the 
following exclusions: (1) those grid points close to the road and at watershed boundaries 
were excluded to eliminate external confounding issues (2) softwood stands were 
excluded from surveys to limit environmental heterogeneity and because of the limited 
presence of an understory within those stands. Grid points were used as plot centers, 
unless existing soil experiments were conducted in the area, in which case plots were 
shifted to avoid them. Any sapling that fit the above parameters was tagged and 
measured for DBH (at 1.3 m), height, basal diameter (10 cm ht), and canopy cover. 
Canopy Cover Assessment 
Canopy cover was assessed for each sapling and for each plot using hemispheric 
photography. Hemispheric canopy photographs have been shown to be one of the best 
predictors of growth in northern hardwood saplings (Kobe and Hogarth 2007). Images 
were taken using a high resolution digital camera with a 180° fish eye lens above the 
leader of each sapling. If the tree exhibited asymmetric crown growth or had split apical 
dominance, additional photos were taken to assess the complete light environment of the 
tree. At the plot level, one canopy photo was taken at the plot center at 3.5 m height. 
With plot-level photographs, shading understory leaves were avoided to capture light 
available in the overstory. Competing vegetation around sapling leaders often block 
overhead light, which was an important component to capture for each sapling in the 
photographs. The camera was aligned to magnetic north for both sapling and plot level 
photographs. 
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Canopy photos were taken on cloudy days in order to avoid sun spots and leaf 
wash out created by sun glare. Still, some photographs were edited for brightness and 
contrast using Photoshop CS to minimize glare and ensure leaf and sky was characterized 
correctly. Photos, in compressed 2 MB jpeg format, were analyzed using Gap Light 
Analysis Version 2 (Frazer et al. 1999). Magnetic North was delineated on the photo 
with a post declination adjustment. A threshold of 190 was used for black and white 
adjustments. These data were processed and used to select saplings for photosynthesis 
measurements. 
Tree selection 
Out of the 84 plots surveyed, 60% of the plots did not contain target saplings. 
The sapling populations from plots with 3 or more saplings were used for randomized 
selection for further measurement; two extremely high density plots on WB were also 
excluded. The remaining sapling population included 70 and 147 saplings on EB and 
WB, respectively - 11 plots per watershed. Three trees per plot were randomly selected 
from the population for foliar chemistry analyses. 
Fifteen trees on each watershed were selected for physiological analyses which 
included A/Ci curves, foliar chemistry and LMA (leaf mass per area). Fifteen trees were 
also selected for dendrochronology and aboveground biomass analyses - 10 out of the 15 
trees were the same trees for all measurements. Five trees measured for physiology were 
retained for potential future analyses. Saplings that occurred in gaps where canopy 
openness was between 12 and 25% were selected for these analyses, which is commonly 
defined as a small gap (Beaudet et al. 2000). These light parameters were used because 
light is the main driver affecting understory sapling growth (Ricard et al. 2003). Five 
25 
plots on each watershed had saplings that met these parameters. This size of canopy 
opening is often created by older multiple tree fall gaps or by a recent single tree 
mortality. Most gaps with saplings of this size were estimated to be several years old. 
Three trees within each of the five plots, that fit the light parameters, were then randomly 
selected without replacement from the plot population for analyses. 
Foliar Analyses 
Sugar maple sapling foliage was sampled and analyzed for the following 
elements: Carbon (C), N, P, K, Ca, Mg, Mn, Al, Iron (Fe), Zinc (Zn), Copper (Cu), and 
Boron (B). Leaves were taken from the upper third of the crown, the second week of 
August 2006 (EB n=36, WB n=37). Each collection consisted of leaf blades only -
petioles were not collected. Blades were collected using powder-free latex gloves and 
were placed in paper bags. No washing treatment was applied to leaves. Bags were 
placed in a 70°C drying room and dried to a constant mass. 
Dried leaf blades were ground to a 20 mesh using a Wiley mill. Care was taken to 
clean the mill between each sample. Chemical analyses were performed at the Analytical 
Laboratory of the Maine Agricultural and Forest Experiment Station at the University of 
Maine. Total N was determined by the combustion (Dumas) method. Other nutrients 
were determined by inductively coupled plasma atomic emission spectrophotometry 
(ICP-AES). Before this analysis, samples were dry ashed at 550°C for 5 hours in a 
muffle furnace and digested in 50% HC1 (Kalra and Maynard 1991). 
Later, we found that there were sampling discrepancies between researchers who 
have done foliar analyses at the site - some included petioles and others have not. The 
literature isn't clear on this issue in acid deposition experiments. So in late August, a 
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second batch of leaves was collected including petioles. Ten trees were selected from 
each watershed using the remaining unsampled sugar maple sapling population for 
randomized tree selection. Leaves with petioles were collected as stated above for foliar 
chemistry analysis. Blades and petioles were run separately for each tree for chemical 
analysis as described above. Wet and dry mass were calculated for 11 blades and petioles 
from each tree to calculate weight fraction. In order to analyze the differences between 
the leaf chemistry of blade-only samples compared to leaves with petioles, 'whole leaf 
chemistry was calculated based on the dry weights and chemistries of petioles and leaf 
blades as follows: 
Equation 2.1 [Cp] * [% petiole] + [Cb] * [% blade] = Cwi 
Cp represents the average concentration of an element, such as nitrogen, in the petiole. 
The '% petiole' represents the fraction of leaf weight in petioles. Cb is the average 
concentration of an element in the leaf blade. % blade the fraction of the leaf weight in 
the leaf blade and Cwi is the calculated concentrations of the element (e.g. nitrogen) in the 
whole leaf including petiole and blade. 
A-Ci Analyses 
Photosynthetic capacity was measured in a three week period in late July and 
early August on 15 saplings using a LI-6400 gas exchange/chamber system. Capacity 
was measured by varying CO2 concentrations from ambient to near zero and ambient to 
complete saturation, producing what is known as an A-Q curve (see Farquar 1980). 
There are three main components to photosynthesis (1) carbon fixation by rubisco (2) 
electron transport from light harvesting chlorophyll and (3) triphosphate exchange with 
inorganic phosphate (Sharkey 1985). A-Ci curves give estimations of these components 
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using the following parameters (1) maximum carboxylation capacity (Vcmax) (2) 
maximum electron transport (Jmax) and (3) triose phosphate utilization (TPU). 
Measurements were conducted on a leaf in the upper canopy of each sapling 
which had recent exposure to sunlight (EB n=12, WB n=14). Within the leaf chamber, 
leaves were exposed to a saturating irradiance of 1200 umol m'V1 using a red/blue LED 
light source (Beaudet et al. 2000). Leaf temperatures were held close to ambient (20-
26°C). Stable conditions within the cuvette were maintained below 0.3 total coefficient 
of variation before and during the measurement. Stomatal ratio was set to zero and leaf 
area was set to 6 cm2. VPD was kept above -1.5 MPa by adjusting desiccant levels. 
Once leaf conductance and photosynthesis stabilized within the leaf chamber, 
CO2 levels were varied using a CO2 mixer; net photosynthesis (Anet) was noted at each 
concentration. CO2 concentrations were varied in the following order: 400 umol/mol to 
300, 200, 100, 50, 400, 400, 600, 800, 1000, 1200, 1400, and 1600. Varying the C0 2 
levels in this fashion enables the stomata to adequately adjust to the changing CO2 
concentrations while minimizing stomatal closure and stress (Li-Cor 1998). 
The resulting A-Ct curves were analyzed by the Nelder-Mead simplex method by 
the Photosynthesis Assistant software package (Dundee Scientific, Scotland, UK); the 
equations are based on work by Farquhar et al (1980). VcmaXi JmaXy TPU, and respiration 
were estimated from this analysis. Photosynthesis (Anet) was noted during the initial 
equilibration period at 400 pap CO2 and saturating irradiance. 
Leaves were collected from A/C,- trees for leaf mass area (LMA) measurements. 
In the lab, leaf area was measured on an LI-3100 with 11 moist leaves per tree. The LI-
3100 Area Meter had an 8.5 mm lens installed, which gives a 1 mm2 resolution. This 
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instrument was calibrated with 10 and 50 cm2 discs before each tree. Leaves were then 
dried and weighed to calculate LMA (g m~2). 
Sapling Growth and Above Ground Biomass 
Near the end of the growing season, the above ground components of 3 saplings 
were collected from each physiology plot. Each tree was cut down at ground level and 
all leaves and woody materials were collected. The bole was measured and cut into 1 ft 
increments. Trees were dried in a 70C drying room and each component (bole, leaves, 
and branches) was weighed to calculate aboveground biomass. 
Sections of bole wood were sampled for growth analysis. Discs were cut from the 
base of the bole, at 1 ft, and every subsequent 2 ft section until the leader was reached. 
Tree rings were analyzed on four to eight discs per tree, depending on bole length. Discs 
were sanded to 800 grit, and zinc oxide was used to bring out the rings more clearly. The 
discs were scanned to 1600 dpi on a flatbed scanner. Annual ring widths were counted 
and measured to the nearest 0.001 mm with a tree ring increment measurement system 
(WinDendro v6; Regent Instruments, Universite du Quebec a Chicoutimi, Quebec). Each 
disc had two radii of analysis, avoiding tension wood. Each radius was analyzed twice in 
order to minimize error, and any discrepancies were investigated. 
Tree ring data from each height were pooled from an individual tree and annual 
height and volume growth was calculated using WinStem (Regent Instruments, 
Universite du Quebec a Chicoutimi, Quebec). Height curves were interpolated using the 
Carmean method (Carmean 1972, Dyer and Bailey 1987). Dendrochronological patterns 
could not be correlated across plots because of small sample sizes and microsite-specific 
growth patterns. Missing rings and partial rings are common in understory sugar maple 
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(Lorimer et al. 1999). Though partial rings are well accounted for in multi-height disc 
analysis, missing rings are difficult to pinpoint without cross dating. Therefore, age and 
length of suppression were difficult to correctly quantify for this data set. 
Statistical Analysis 
Statistical analyses were conducted using SYSTAT v. 12 [SPSS Science, Chicago, 
Illinois]. Arithmetic means and standard error were calculated for each data set. Paired 
t-tests were used to analyze each set of data for significant difference by watershed. Log 
transformations were used, as specified in data tables, to meet the normal distribution 
assumptions of analyses. Treatment differences were considered significant at a < 0.05. 
Pearson correlations with Bonferroni probabilities and linear regression were also 
performed to assess relationships between nutrients, growth rates, and photosynthetic 
capacity. 
TABLE 2.1 Sapling Demography. Data from the 2-4 m size class. Averages based on 
84 plots and 422 saplings. No significant differences in this data set. SE = standard 
error 
Saplings per plot 
Saplings per ha 
Sapling Ht (m) 
Sapling DBH (mm) 
Sapling basal diameter (mm) 
Plot % canopy openness 
Sapling % canopy openness 
East Bear - untreated 
Mean (SE) 
1.8(0.54) 
81 (24) 
2.60 (0.02) 
10.6 (0.2) 
17.8 (0.2) 
17.9(1.5) 
12.3 (0.5) 
West Bear - treated 
Mean (SE) 
8.0 (3.3) 
358 (146) 
2.6 (0.03) 
10.5 (0.2) 
17.0(0.3) 
18.6(1.3) 
12.0 (0.4) 
t-tests 
p-values 
0.089 
0.076 
0.546 
0.953 
0.219 
0.550e 
0.761 
e
 based on log transformation 
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Figure 2.1 BBWM Map. Sapling density and canopy cover within plots. West Bear 
(treated) on the left, East Bear (untreated) on the right. 
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Results 
Sapling Demography and Watershed Canopy Cover 
Figure 2.1 is a map of sapling distribution and canopy cover in plots across both 
watersheds. As stated previously, 60% of plots contained no qualifying saplings. Sugar 
maple sapling density averaged 81 saplings per hectare on East Bear and 358 per hectare 
on West Bear. The highest number of saplings per plot on the untreated East Bear was 16 
while the maximum plot density on the treated West Bear was 119. The much higher 
average in West Bear was driven by a few extremely dense plots. 
Because of the highly skewed sapling data, the Mann-Whitney test, the non-
parametric analog to the t-test, was used to assess the differences in the center of two 
populations. When applied, this test showed there was no significant differences in the 
center of each population (p=0.287). To fit the parameters of a parametric t-test, only 
plots with saplings were included and log transformed. The t-test showed no significant 
difference between watersheds (p=0.089, Table 2.2). 
In order to assess differential disturbance across watersheds, a canopy photo was 
taken at each plot center to characterize canopy disturbance. Results of contrast analysis 
showed no significant differences (p=0.706, Table 2.2) between canopy openness, with 
openness being 17.9 and 18.6% in East and West Bear, respectively. Similar 
photographs, taken above the leader of each sapling, also showed similar light 
environments for saplings across treatments with 12.3 and 12.0% openness in East and 
West Bear, respectively. 
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Figure 2.2 Plot Canopy cover vs Sapling Density. Inset includes plots without sugar 
maple saplings. Note y-axis in log scale. There is no correlation between current 
canopy cover and sapling density: R2 = 0.0017, p=0.7166. 
Regressions between sapling density and canopy cover (Figure 2.2) showed no 
significant correlation between sugar maple sapling density and canopy openness 
(R2=0.0017, p=0.72). In fact, the plots without sugar maple saplings had an equally 
broad range of light environments as those with saplings. 
Foliar Chemistry 
Analysis of sapling foliar chemistry revealed several strong differences between treated 
and untreated saplings. Nitrogen was significantly higher in treated saplings on West 
Bear, (p<0.001, Table 2.3). Phosphorus and K were also significantly higher (10-15%) 
in West Bear foliage compared to East Bear. The strongest differences in foliar 
chemistry were in Ca and Al concentrations. Aluminum was 56% higher in West Bear 
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saplings (e.g. Ca is 25% lower on WB compared to EB). 
Asterisk (*) note significance at the a=0.05. 
Table 2.2 Foliar Nutrient Concentrations. Sugar maple saplings. C and 
N are percent by mass. All other nutrients are in parts per million (ppm). 
(*) indicate significance at the a=0.05 level. SE = standard error. 
East Bear - untreated 
Mean (SE) 
West Bear - treated t-tests 
Mean (SE) p-values 
c 
N 
P 
K 
Ca 
Mg 
Mn 
Al 
Fe 
B 
Cu 
Zn 
47.6 
2.03 
1102 
8274 
6922 
1380 
965 
16.9 
43.1 
42.9 
6.0 
23.8 
(0.1) 
(0.04) 
(20) 
(291) 
(312) 
(54) 
(60) 
(1.5) 
(1.2) 
(1.4) 
(0.2) 
(1.6) 
47.8 
2.38 
1230 
9736 
5367 
1253 
1064 
29.9 
47.2 
47.3 
6.1 
23.5 
(0.1) 
(0.03) 
(27) 
(316) 
(262) 
(41) 
(76) 
(1.5) 
(1.0) 
(1.9) 
(0.2) 
(0.7) 
0.272 
*<0.001 
*<0.001 e 
*0.001 
*<0.001 e 
0.066 
0.323 e 
*<0.001 e 
*0.008 e 
0.066 
0.726 
0.574 e 
e
 based on log transformation of the data 
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sapling foliage, and calcium was 25% lower (Figure 2.3). Calcium and Mg were 
positively correlated on both watersheds (r = 0.66, pO.OOl). Magnesium was also lower, 
on average, in treated foliage, but the differences were not statistically significant. Other 
trace metal concentrations tended to be higher in West Bear foliage, but only the 
difference in Fe was significant. Mean foliar C content was 48% across both watersheds. 
Stoichiometeric relationships also exposed strong differences between treated and 
untreated saplings. C:N ratios were significantly lower (20.2, Table 2.4) for West Bear 
compared to the untreated East Bear (23.8). N:P ratios were significantly different 
between watersheds: 18.5 and 19.6 on East Bear and West Bear, respectively (p<0.001). 
Both of these differences were mostly driven by high nitrogen levels. C:N ratios were 
negatively correlated with P concentrations (r = -0.68, pO.OOl). 
As noted previously, the largest differences between watersheds in terms of foliar 
chemistry were in Ca and Al concentrations. Molar Ca:Al ratios on the treated watershed 
Table 2.3 Foliar Stoichiometry. Sugar maple saplings. Ca:Al ratios are 
based on molar concentrations. Other ratios are based on concentrations. 
(*) indicate significance at the a=0.05 level. 
C:N 
N:P 
Ca:Al 
East Bear - untreated 
Mean (SE) 
23.8 (0.1) 
18.5 (0.2) 
451 (66) 
West Bear - treated 
Mean (SE) 
20.2 (0.2) 
19.6 (0.3) 
136 (11) 
t-tests 
p-values 
*<0.001 e 
*<0.001 
*<0.001 e 
6
 based on log transformation data 
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had a mean of 136. Saplings across the untreated watershed (EB) showed highly 
variable molar Ca:Al ratios (mean 416). Most of this variability was a result of low 
Ca/Al ratios from saplings in the upper sections of the watersheds (plots in grid points 19 
and above, 11 trees tested, see fig 2.1 for map reference). The average Ca/Al ratio on 
the upper slopes of EB was 161, while the lower slopes averaged 532. No equivalent 
comparison can be made on West Bear; the 12 plots established above the 19 grid line 
contained no qualifying saplings. 
There were significant chemical differences between petioles and blades (table 
2.4), especially in nitrogen and the trace metals. Petioles between watersheds were only 
Table 2.4 Blade and Petiole Chemistry. Sugar maple saplings. C and N are percent 
by mass. All other nutrients are in parts per million (ppm). Pet/Blade differences 
were calculated with: ((Cp-Cb)/Cp)*100%. Blade/whole leaf differences were 
calculated by ((Cb-Cwi)/Cwi)*100%. 
Weight 
C 
N 
P 
K 
Ca 
Mg 
Mn 
Al 
Fe 
B 
Cu 
Zn 
Whole leaves 
mean 
100% 
47.4% 
2.01% 
1140 
10100 
6560 
1290 
931 
17.0 
38.0 
44.9 
6.5 
34.4 
(stdev) 
(6.7) 
(2.32) 
(140) 
(2200) 
(1820) 
(340) 
(433) 
(8.4) 
(6.0) 
(8.0) 
(1.8) 
(12.6) 
Blades 
mean 
87.3% 
47.9% 
2.17% 
1173 
9300 
6280 
1260 
962 
17.2 
41.9 
48.2 
6.5 
26.8 
(stdev) 
(2.4) 
(6.9) 
(2.51) 
(142) 
(1940) 
(1840) 
(340) 
(454) 
(9.7) 
(6.5) 
(9.0) 
(1.8) 
(11.2) 
Petioles 
mean 
12.7% 
44.0% 
0.87% 
890 
15500 
8490 
1460 
723 
16.0 
14.3 
22.5 
6.3 
87.6 
(stdev) 
(2.4) 
(7.1) 
(1.86) 
(177) 
(5940) 
(2030) 
(520) 
(331) 
(5.7) 
(4.7) 
(1.6) 
(2.5) 
(31.8) 
Petiole/Blade 
differences 
-
-9.0% 
-150% 
-32% 
40% 
26% 
13% 
-33% 
-7.0% 
-193% 
-114% 
-3.0% 
69% 
* 
* 
* 
* 
* 
* 
* 
* 
Blade/whole 
differences 
-
1.1% * 
8.4% * 
3.2% 
-8.3% 
-4.3% 
-1.8% 
3.3% 
1.3% 
9.1% 
7.2% 
0.6% 
-22% * 
• significant differences at a=0.05. 
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significantly different in N and K concentrations (data not shown). Petioles averaged 
about 13% of total leaf weight, therefore, have little impact on foliar chemistry. Most 
differences between blades and whole leaves fall within the range of the natural 
variability of sapling foliage. Notwithstanding, there are significant differences in C, N, 
and Zn concentrations between leaf blades and whole leaves exist. Clarifications 
between collections with or without petioles may be important in comparing and 
contrasting these elements. 
Photosynthetic Capacity 
Figure 2.4 shows the in-field A/Q curves. The treated saplings show highly 
variable net photosynthesis in response to increasing levels of CO2, while East Bear 
saplings had more uniform increases of net photosynthesis in response to elevated CO2. 
The results of the A/Q curve analyses showed overall greater photosynthetic capacity in 
East Bear saplings (Table 2.5). Average Vcmax, Jmax, and TPU were statistically lower on 
the treated West Bear watershed. Respiration was also lower on the treated saplings. 
There were no statistical differences in conductance or light saturated net photosynthesis 
at 400 ppm CO2 (Anet). Leaf mass area (LMA), an important factor for light absorption 
efficiency, were similar between treatments, averaging 31.8 and 32. lgra" in East Bear 
and West Bear, respectively. 
Extensive investigations were performed to correlate photosynthetic capacity to 
environmental and physiological variables, including: foliar nutrient concentrations by 
area (g m"2); growth rates; LMA and biomass variables; leaf temperature VPD and 
37 
14 -
« 12 -
| t 8 2 <-> 6 
*
 a 2 -
z
 01 
-2 { 
west Bear A/Ci Curve ^ 
• ^ 
,
 :
_ . " 14 -
* , : = - : . : 
• > , . - - - . - : - • : - - - - - - 1 0 
K * «? " " " - • 8 -
* » • • ,-I S"m ' 6 -
^ • - —
 41 I t 
i 40 80 120 160
 0 
analysis 
J
 East Bear 
. 4 " •" 
- • • J f * 
Intercellular C02 concentration (Pa) -2 0 40 80 120 
Intercellular C02 concentration (Pa) 
160 
Figure 2.4 Individual A-C; Curves. West Bear is treated; East Bear is untreated. 
Table 2.5 Photosynthetic Capacity. Derived from A/Ci analyses. 
EB n=12; WB n=14. Units are |jmol mV1 , except LMA g m"2. (*) 
indicate signficance on the q=0.05 level based on t-test. 
' Cmax 
"max 
TPU 
Anet 
Resp 
Cond 
LMA 
East Bear - untreated 
Mean (SE) 
19.40(1.03) 
50.38(1.92) 
3.54(0.10) 
5.82 (0.29) 
1.12(0.05) 
0.10(0.03) 
31.8(0.86) 
West Bear - treated 
Mean (SE) 
14.73 (1.26) 
42.98 (2.58) 
3.08(0.18) 
5.79 (0.50) 
0.94 (0.06) 
0.10(0.03) 
32.1 (0.62) 
t-test 
p-values 
0.010* 
0.035* 
0.044* 
0.956 
0.044* 
0.534 
0.696 
conductance; canopy openness; and sapling density. The majority of variables held no 
explanatory power for photosynthetic capacity. 
Significant foliar nutrient correlations were limited, though there were significant 
differences between watersheds. TPU was weakly negatively correlated with area based 
Mn (R2=0.274, p=0.010) and P (R2=0.215, p=0.026). Zn was also negatively correlated 
with TPU (R2=0.213,p=0.027). Jmax was equally negatively correlated with area-based 
Mn (R =0.224, p=0.023). The element most correlated with Jmax was area-based Zn 
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which was negatively correlated (R2=0.307, p=0.005). Respiration was also correlated 
with Mn (R2=0.215, p=0.023). No nutrients were strongly correlated with Vcmax or Anet. 
One notable difference between East and West Bear was in leaf temperatures. 
East Bear leaf temperatures (23.8°C) were significantly higher than West Bear leaf 
temperatures (21.4°C). This in turn influenced photosynthetic capacity, with rising 
temperatures positively correlated with Vcmax (R2=0.503, p=0.0001), and more weakly 
correlated with Jmax (R2=0.189, p=0.015) and TPU (R2=0.155, p=0.026). Leaf 
temperatures were negatively correlated with sapling density (R2=0.505, p=0.0001), and 
Pcmaxwas also negatively correlated with sapling density (R2=0.289, p=0.005). 
Sapling Morphology and Biomass 
The means of sapling height, diameter at breast height (DBH), and basal diameter 
were nearly identical across watersheds (Table 2.2). This was not unexpected, 
considering saplings were selected under rather narrow morphological criteria. Positive 
correlations between height and DBH were strong in both watersheds (R2= 0.63 
p<0.001). 
Analysis of aboveground biomass show no statistical differences between 
watersheds (p=0.397, Table 2.6). The only significant differences in biomass were in the 
division into foliar and woody fractions. Treated saplings tend to have significantly less 
leaves and more wood per unit biomass compared to East Bear saplings. Trees on each 
watershed were similar in age, though West Bear trees were slightly younger on average 
at 17 yrs compared to East Bear at 19 years (Table 2.7). 
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Table 2.6 Aboveground Biomass. Asterisk (*) note significance at the q=0.05. 
East Bear - untreated West Bear - treated t-test 
Mean (SE) Mean (SE) p-values 
Aboveground Biomass (g) 
Leaf Biomass (g) 
Woody Biomass (g) 
Fraction in leaves (%) 
Fraction in wood (%) 
265 (43) 
41.7(5.1) 
213 (39) 
17.6(0.01) 
82.0 (0.01) 
338 (67) 
40.1 (7.0) 
298(60) 
12.8 (0.01) 
87.2 (0.01) 
0.397c 
0.850 
0.282e 
0.005* 
0.005* 
e - petiole chemistry causes significant change in whole leaf chemistry 
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Table 2.7 Sapling Age and Growth Rates. These are based on dendrochronology 
trends. Asterisk (*) note significance at the a=0.05. SE = standard error. 
Age 
Growth/year (g) 
Avg arm vol growth (cm ) 
Avg of last 5 yr vol growth 
Avg ht growth (cm) 
Avg of last 5 yr ht growth 
East Bear - untreated 
Mean (SE) 
19.1 (0.8) 
13.7 (2.2) 
8.4(1.7) 
21.8(4.7) 
14.4(1.1) 
21.3 (2.0) 
West Bear - treated 
Mean (SE) 
17.0(1.0) 
19.5 (3.2) 
12.4(2.3) 
30.2 (5.4) 
18.4(1.6) 
26.5 (2.2) 
t-test 
p-values 
0.089 
0.184e 
0.252e 
0.163e 
0.0486* 
0.096 
e - log transformed 
Sapling Growth Trends 
Average annual growth by weight and volume show no statistical differences 
between watershed treatments (Table 2.7) at any recorded period (Figure 2.6). Height 
growth, more suggestive of responses to disturbance, showed significantly higher growth 
rates on the treated watershed in 1997 and 1998 (Figure 2.6). Averaging height growth 
rates, including these years, gives statistically higher rates, but the past 5 years shows no 
differences in growth. East Bear trees showed a peak in average height growth near the 
year 2000. 
Correlations between growth and environmental and physiological variables were 
negligible. The strongest correlations were positive links between canopy cover and the 
2006 height growth
 (R2=0.273, p=0.004) and volume growth (R2=0.201, p=0.015). 
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Discussion 
Sapling Distribution and Growth 
Though there were a number of highly concentrated populations of sugar maple 
saplings on the treated watershed, there were no statistically significant differences in 
sapling demographics between the treated and untreated watersheds. Variations in 
sapling density are commonly dependent on edaphic conditions, seed rain, seedling 
establishment, and canopy structure (Walters and Reich 1996, Catovsky and Bazzaz 
2002, Cole and Lorimer 2005). Canopy openness proved to be similar between 
watersheds. Past research indicates the watersheds have had a comparable population of 
sugar maple mature trees and seedlings (Elvir 2004, Kenlan 2006); Although Eckoff 
(2000), showed a higher level of seedlings and seed rain on the treated watershed in 
1997. 
Anecdotally, the prime sites for sugar maple sapling establishment were flatter, 
down slope gaps in the watersheds surrounding stream channels. Many upslope gaps 
were dominated by American beech or fern in the understory; younger down slope gaps 
often did not contain sapling sized trees. Juice et al. (2006) showed higher levels of 
seedling establishment and biomass with increasing levels of available Ca and more 
neutral pH levels. Other studies have shown a decline in seedling success corresponding 
to acidification and variations in light levels (St Clair and Lynch 2005b). 
Investigations of morphology, aboveground biomass, and growth also did not 
demonstrate a clear response to treatment. In mature sugar maple trees there was a 
significant increase in basal area increment growth in response to nitrogen treatment, 
which continued for approximately 8 years after treatment began (Elvir et al. 2003). This 
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was followed by a decline back to reference sugar maple growth rates starting in 1998 
and continuing to the present time (Wiersma, unpublished). Mature sugar maples on the 
untreated watershed have seen moderate declines in growth since the early 1990's. 
The average sapling age was 17 (WB) and 19 (EB). This puts the majority of 
their life span within the period of the treatment, which started in 1989 (17 years 
previous). The only significant divergence in sapling growth rates occurred in 1997 and 
1998 when height growth on the treated watershed substantially increased, though 
volume growth remained constant. Past studies have found that height growths between 
20-30 cm yr"1 were most likely from single tree fall events (Canham 1985), which was 
the average height growth demonstrated by these trees. 
The demonstrated flush of height growth in the late nineties coincides with a 
known disturbance. In 1998, approximately 11 million acres in Maine were damaged by 
a regional severe ice storm (Irland 1998). Researchers at the site observed that WB was 
equivocally more damaged than the untreated EB. In 1999, average height growth 
returned to similar levels on both watersheds, and for the past five years there has no 
longer been a significant difference in growth rates. Current annual growth was slightly 
correlated to sapling canopy openness; though trees were growing under a limited range 
of canopy openness (12-25%). There were no significant correlations between growth 
and foliar nutrients. 
The divisions of biomass between leaf and woody components showed that 
untreated saplings on East Bear had a significantly greater fraction of biomass dedicated 
to foliage, while West Bear treated saplings had a greater fraction dedicated to woody 
biomass. It has been well studied that reducing pH and calcium levels in the sugar maple 
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rhizosphere also reduces mycorrhizal infection (Ouimet et al. 1995, 1996, St Clair and 
Lynch 2005a). Perhaps a lower rate of mycorrhizal infection reduced the carbon sink and 
the allocation of carbon resources from the tree, thus increasing the wood:foliage biomass 
ratios. Mycorrhizae need further study at the site to validate this hypothesis. An 
alternative hypothesis may be increased competition on WB may have stimulated greater 
investment in woody height growth. Leaf area could be distributed between a greater 
number of trees, thereby reducing leaf areas of individual trees. 
Leaf Chemistry 
Sapling foliar chemistry was more clearly suggestive of effects associated with N 
deposition and soil acidification. As expected, N was elevated in treated saplings on 
WB, as the acidifying treatment contains ammonium ((NEL^SC^). Foliar chemistry of 
all species tested, thus far, on the treated watersheds have had higher levels of N than 
reference foliage (Elvir et al. 2005, Kenlan 2006). More surprising, perhaps were the 
higher levels of P and K associated with treated saplings. Boggs (2005) noted increases 
in N, P, and K (the most essential macronutrients) of sugar maples in the early stages of 
N saturation, which stimulated a fertilization effect. Phosphorus and K have also been 
shown to decrease in foliage with soil liming (Long 1997). Seedlings at the BBWM 
also demonstrated higher levels of N, P, and K in treated foliage (Kenlan 2006). Mature 
trees, four years into treatment (1993) demonstrated significantly higher P, but no 
significant differences in K (White et al. 1999). The 2006 comparisons of mature sugar 
maple at the site showed significant greater N concentrations in treated trees (see Chapter 
3). 
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The C:N ratios of sapling foliage on both watersheds were comparable to other N 
saturated sites (Gradowski and Thomas 2006). Gradowski and Thomas (2006) found that 
growth was positively correlated with available P, suggesting a P limitation. Vitousek et 
al. (1995) found that foliar N and P is often tightly correlated in foliage across 
ecosystems. Tessier and Raynal (2003) suggested that N:P ratios above 16 were 
indicative of P limitations and possibly N saturation (Fenn et al. 1998, May et al. 2005). 
N:P ratios on both watersheds were above 18; the treated saplings averaged 19.6. This 
may suggest that P uptake was not keeping up with N uptake, and could be a limiting 
factor in growth, though we see no evidence of treatment induced growth declines in 
saplings. 
Foliar Ca:Al molar ratios have been both supported (Cronan and Grigal 1995, 
Schaberg 2006) and refuted (Boggs et al. 2005) as good indicators of acidification and 
decline in sugar maple. Long (1997) suggested a threshold below 110 or less may be 
associated with sugar maple decline, though declining sugar maple show a range of Ca: Al 
ratios above that value {see chapter 3). Treated saplings on West Bear and saplings 
growing on upper sections of East Bear had an average molar Ca:Al ratio of 136 and 161, 
respectively, which is quite low for the species. Untreated saplings at lower elevations 
had a mean value at 532; saplings on upper slopes had much lower Ca:Al ratios. The 
same comparisons cannot be made on the treated watershed because the upper slopes of 
the treated watershed were lacking qualifying saplings. Several studies have shown 
stronger declines with higher elevations, associated with low soil quality and possibly by 
higher exposure to acidic deposition (Long 1997, Johnson et al. 2000, Juice et al. 2006). 
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Calcium and Mg are considered elements of concern for sugar maple across the 
Northeast. Calcium foliar concentrations below 5000 ppm are widely considered 
deficient for sugar maple (Kolb and McCormick 1993). West Bear saplings were near 
that level at 5400 ppm. Magnesium, which often declines in conjunction with calcium 
being very similar geochemically, was also approaching critical levels. Manganese 
levels, which may have had a negative effect on respiration, electron transport, and triose-
phosphate utilization, were at half the levels of declining sites in Pennsylvania, where Mn 
has been considered at toxic levels for sugar maple (St Clair and Lynch 2005c, 
Kogelmann and Sharpe 2006). For further discussion of foliar chemistry, please see 
Chapter 3. 
Photosynthetic Capacity 
Average net photosynthesis was 5.9 umol m'V1 across both watersheds and 
showed no significant correlations with any foliar nutrients. Net photosynthesis was 
higher in canopy sugar maple measured in 2002 and 2003, which is expected considering 
the differences in light capture. Elvir et al. (2006) found significantly different levels of 
photosynthesis (7.3 and 8.8 |jmol m'V1) on East Bear and West Bear, respectively) which 
was positively correlated with foliar N. The authors also demonstrated no other 
significant differences in foliar chemistry aside from N. Though there were no 
significant correlations with nutrients, the lack of any significant correlation with N in 
saplings was interesting. Perhaps nutrient imbalances interfered with the promotion of 
photosynthesis by N. 
By contrast, the photosynthetic capacity measured by A-Q analysis (more a 
measure of capability rather than demonstrated photosynthesis) of treated saplings was 
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lower. Carboxylation capacity (Vcmax) was significantly correlated with leaf temperatures, 
which in turn was correlated with sapling density. Local ambient temperatures do not 
correlate with these temperature shifts, meaning the density of saplings was responsible 
for lowering temperatures in the understory. This, in spite of the fact that the calculation 
of Vcmax includes a temperature adjusting term (Farquhar et al. 1980). 
There were significant correlations indicating that manganese influences electron 
transport and triose phosphate utilization. Foliar manganese was not significantly 
different between watersheds, nor was it at levels that are considered toxic in the 
literature (Kolb and McCormick 1993). There was evidence that manganese can cause 
irregularity in cell shape and disrupt the electronegativity of the thylakoid membrane 
(McQuattie and Schier 2000). St. Clair and Lynch (2005c) found high inputs of 
manganese can reduce electron transport rates, as well as reduce sugar maple seedling 
biomass, but at three times the Mn levels seen in BBWM saplings. More investigations 
are necessary to clarify these mechanisms. 
Conclusions 
There was strong evidence that the long-term acidification treatment with 
(NFL^SC^ has resulted in significant increases of Al, N, P, K and significant decreases in 
Ca in sugar maple sapling foliage. Photosynthetic capacity of treated sugar maple 
saplings was significantly lower, though there were no differences in Anet. Some 
variability in sapling density was correlated with low photosynthetic capacity, and 
nutrient imbalances could only be weakly connected to photosynthetic capacity. Trends 
in sapling frequency, biomass, and growth were not significantly different between 
watersheds. 
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Sugar maple saplings on EB had higher fractions of biomass in foliage, higher 
photosynthetic capacity, more calcium, and yet their growth remained unaffected. This 
could be indicative of an impending decline in West Bear saplings, or it could be that 
saplings were, thus far, more dependent on other environmental factors to determine their 
growth limitations, such as sapling density. As we will discuss in the following chapter, 
foliar nutrient levels of treated sugar maple saplings were high relative to mature sugar 
maple in the same stand. This may suggest that nutrient imbalances or deficiencies were 
not strong enough in the population to affect tree health. 
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Chapter 3 
SEEDLING, SAPLING AND MATURE SUGAR MAPLE FOLIAR 
ELEMENT RESPONSE TO AMBIENT AND EXPERIMENTALLY 
ELEVATED N AND S DEPOSITION 
Abstract 
Sugar maple may be declining in response to acid deposition. Reduced growth, crown 
dieback, and leaf chlorosis are common symptoms of sugar maple decline. These 
declines are often associated with low foliar base cation concentrations and high 
aluminum and/or manganese. The Bear Brook Watershed in Maine (BBWM) provided 
an opportunity to study the effects of ambient as well as long-term experimentally 
elevated N and S deposition on sugar maple foliar chemistry and decline. We 
investigated the foliar chemistry of sugar maple across three size classes at BBWM -
seedlings, saplings, and mature trees. Results showed element concentrations in mature 
tree foliage were consistently lower compared to juvenile trees, with the exception of 
higher C concentrations. Past studies have shown that concentrations of base cations and 
growth have been declining in mature sugar maple since 1998. Seedlings had 
significantly higher Ca, Al, and Zn compared to saplings. There were lower 
concentrations of foliar calcium and higher concentrations of N, P, and K in juvenile trees 
treated with elevated N and S deposition. Differences between the foliar chemistry of 
mature trees and juveniles were attributed to declines in mature trees across both 
watersheds. Comparisons of published foliar chemistry from declining stands to foliar 
chemistry from healthy stands highlighted the importance of Ca and Mg in sugar maple 
decline. 
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Introduction 
In the past thirty years, sugar maple decline has been noted in sites across the 
northeastern US, southern Quebec, and Ontario (Kolb and McCormick 1993, Duchesne et 
al. 2002, Schaberg 2006). The decline is often slow, and symptoms of the decline 
include reductions in radial growth, loss of crown vigor, increasing mortality, and low 
rates of regeneration (Long 1997, Horsley et al. 2002, Wong et al. 2005). Various factors 
have been cited in this decline including, repeat defoliations, glaze damage, drought, 
fluctuating winter temperatures, and overstocking (Horsley et al. 2000). Sugar maple 
decline is frequently linked to edaphic deficiencies and foliar nutrient imbalances 
commonly associated with high rates of sulfur (S) and nitrogen (N) deposition (Kolb and 
McCormick 1993, Moore et al. 2000, Duchesne et al. 2002). Soil acidification has been 
shown to disrupt nutrient cycles that can reduce the capacity of trees to recover from 
disturbance and can perpetuate long-term decline (Tomlinson 1990, Adams et al. 2000). 
Though sulfur emissions have decreased in the United States since the 
authorizations of the Clean Air Acts, acid deposition levels remain a concern. Deposition 
rates are often high in areas downwind of industrialized and urban regions and N 
deposition levels have increased in some areas (Driscoll et al. 2001). Acidic deposition 
induces changes in the availability of exchangeable nutrients present in the soil, while 
causing a decline in soil pH (Tomlinson 1990, Fernandez et al. 1999). Particular 
attention has been paid to the loss of base cations such as calcium (Ca) and magnesium 
(Mg) and the mobilization of metal ions such as aluminum (Al) and manganese (Mn). 
Reductions in available soil Ca, and other base cations, has been noted in many areas 
across the Northeastern United States and Eastern Canada. Acid deposition, timber 
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harvesting, and stand development, have been shown to significantly reduce ecosystem 
Ca pools available for plant uptake (Federer et al. 1989, Adams 1999, Clinton et al. 
2002). Sources of exchangeable Ca, such as particulate deposition and weathering, may 
be insufficient at some sites to replenish the exchangeable Ca lost through leaching and 
plant uptake (Huntington et al. 2000). 
Many studies have shown that low levels of foliar Ca (and other base cations such 
as Mg and potassium (K)) are associated with declining sugar maple. Low Ca levels 
have been correlated with declining growth rates, lower photosynthetic capacity, low 
regeneration rates, and reductions of mycorrhizal associations, (Liu et al. 1997, Juice et 
al. 2006, Schaberg 2006). Loss of Ca, has also been shown to hamper recovery from 
intense herbivory and ice storms (Kolb and McCormick 1991, Noland 2003, Wong et al. 
2005). The addition of base cations has been shown to promote diameter growth, restore 
mycorrhizae populations, increase photosynthesis, and increase survival of sugar maple 
seedlings (Liu et al. 1994, Long 1997, St Clair and Lynch 2005a, Zaccherio and Finzi 
2007). 
In addition to reductions in base cations, acidification by N and S deposition have 
caused increased solubility of metals such as Mn and Al. Aluminum, though it has very 
limited mobility in plant tissues, can reduce levels of Ca uptake and has deleterious 
effects on root systems and growth (Shortle 1988, Cronan and Grigal 1995, Schaberg 
2006). Kogelmann and Sharpe (2006) suggested that Mn may be the second most 
important growth-limiting factor in acidic soils after Al. The bioavailability of Mn in 
forest soils increases strongly with declines in soil pH (Houle et al. 2007, Watmough et 
al. 2007). Manganese was a particularly important issue in the Pennsylvania sugar 
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maple decline, where Mn was often found to be at toxic levels (Kogelmann and Sharpe 
2006). Manganese has been implicated in reducing base cation uptake, inducing root 
damage, distorting cellular structures, and reducing photosynthesis and seedling biomass 
(McQuattie and Schier 2000, St Clair and Lynch 2004). 
Nitrogen deposition, in addition to its acidifying affects, has particular biological 
and ecological significance. Nitrogen was commonly the limiting nutrient for growth in 
temperate forests, but it was now considered saturated in many once N-limited northern 
forests because of heavy inputs of N deposition (Aber et al. 1989, Matson et al. 2002, 
Aber et al. 2003, Manning 2006). Nitrogen deposition can stimulate growth in N-limited 
environments and increase demand for other trace nutrients (Molden et al. 2006). In 
excess, N can cause shifts in the soil microbial community, decrease fine root production, 
reduce biodiversity, cause eutrophication of surface waters, as well as induce declines in 
soil pH (Nams et al. 1993, Makipaa 1995, Hutchinson et al. 1999, Bowden 2004, 
Wallenstien 2006, Phillips and Fahey 2007). 
Sugar maple decline has been studied in mature trees, seedlings, and saplings at 
various sites, but comparisons among size classes has been limited (Gradowski and 
Thomas 2007). Often seedlings are used in research as proxies for mature trees. 
However, juveniles and mature trees have been found to vary in their root/shoot ratios, 
rooting depths, exposure to disturbance and stress, leaf morphology, photosynthetic 
capacity, and hormone regulation (Greenwood 1995, Cavender-Bares and Bazzaz 2000, 
Meinzer et al. 2001, Thomas and Winner 2002, Ishida et al. 2005). Developmental 
changes with increasing tree size are important in the establishment of niche and in 
response to changing environments. Few studies have explored changes in elemental 
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nutrition with maturation, beyond carbon (C) and N. With the focus of foliar chemistry 
and nutrient imbalances being key in sugar maple decline studies, further analysis of 
changes in foliar chemistry with age may be an important factor in sugar maple 
regeneration. 
The Bear Brook Watershed in Maine (BBWM) provides a unique opportunity to 
study long-term responses of sugar maple to two levels of acidic deposition. East Bear 
(EB) was used as a reference with only exposure to ambient levels of deposition; West 
Bear (WB) has been treated since 1989 with ammonium sulfate ((NFL^SC^) - simulating 
a 200% increase in N deposition and a 300% increase in S deposition (Norton et al. 
1999b). The increase in deposition at the site rapidly increased the export rate of Ca, Mg, 
K, Al, and NO3 on WB (Fernandez et al. 2003). In later years there was a demonstrated 
decline of base cation export from the treated watershed, perhaps indicating a reduction 
of base cation supply in soils (Norton et al. 2004). Foliar and wood chemistry, five years 
after the treatment began, showed significantly lower levels of Ca uptake in sugar maple 
(DeWalle et al. 1999, White et al. 1999). In 1998, soils in the treated watershed had 
lower pH in surfaces soils, elevated levels of exchangeable Al, and a smaller pool of base 
cations in surface soils (Fernandez et al. 2003). Studies have indicated that the treated 
watershed was in early to mid stages of N saturation with high stream export rates of 
nitrate and foliar nutrient imbalances across species (Jefts et al. 2004, Elvir et al. 2005). 
Mature sugar maple foliar chemistry has been systematically measured at the site 
since 1993 (White et al. 1999, Elvir et al. 2005). Mature sugar maple initially responded 
to treatment by an increase in radial growth that was sustained until 1998 (Elvir et al. 
2003). Since 1998, radial growth for WB mature sugar maple decreased and has not 
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significantly differed from EB mature sugar maple since (Wiersma, unpublished). East 
Bear mature sugar maple growth rate has slightly declined since 1990 (Elvir et al. 2003). 
In this study, we follow up on the current status of mature sugar maple foliar 
chemistry, and compare seedling and sapling chemistry to that of the mature canopy trees 
on both watersheds. This investigation of the foliar nutrient concentrations of six groups 
of sugar maple (three age classes at two different levels of deposition) gives us the 
opportunity to better understand how age and size affect foliar chemistry and to 
investigate if size classes are responding differently to acidification and soil base cation 
depletion. This study also compares current foliar chemistry to the historic foliar 
chemistry patterns. Foliar stoichiometry was be used to look for evidence of nutrient 
imbalance and physiological stress. Foliar nutrient concentrations from declining stands 
across the Northeast are presented and will be compared to BBWM values; they will also 
be compared to traditionally used healthy ranges of foliar nutrients compiled by Kolb and 
McCormick(1993). 
Methods 
Site Description 
BBWM is a paired watershed located on the southeast slope of Lead Mountain 
(elev. 475 m) in eastern Maine (44°52' N, 68°06' W), approximately 50 km from the 
Gulf of Maine. The site characteristics and the long-term experiment have been 
described in detail by Norton et al. (1999b) and in Norton and Fernandez (1999). The 
watersheds, WB (10.26 ha) and EB (10.95 ha), were compared and found to have similar 
hydrology, slope, soils, and forest cover (Uddameri et al. 1995). Both watersheds have 
first order streams which were calibrated ad shown to have near identical chemistry 
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before treatment began (Kahl et al. 1999, Norton et al. 1999a). Soils are thin and vary 
from 0 to 5 m in depth. They are mostly coarse to fine loamy Haplorthods on compact 
glacial till and are in the Tunbridge and Rawsonville series (Rustad et al. 1993). The 
forest cover was softwood on the upper slopes with second growth northern hardwood 
and mixed-wood forest on the mid and lower slopes. Logging occurred in the hardwood 
stands prior to 1940. Dominant tree species include red spruce (Picea rubens Sarg.), 
American beech {Fagus grandifolia Ehrh.), sugar maple {Acer saccharum Marsh.), red 
maple {Acer rubrum L.), and yellow birch {Betula alleghaniensis Britt). Sugar maple 
makes up approximately 15% of aboveground biomass on the watersheds (Elvir et al. 
2003). 
Chemical additions on the WB Watershed started in 1989; EB has remained 
untreated. Ambient deposition (wet + dry) at BBWM was estimated at 8.4 kg N ha"1 yr"1 
and 14.4 kg S ha~'yr ! (Wang and Fernandez 1999). Treatment on WB consists of 
bimonthly applications of granular ammonium sulfate ((NH4)2S04) at 28.8 kg S h a ' V 1 
and25.2kgNha"1yr"1-
Foliar Sampling 
Foliage was collected from seedlings (<0.5 m height), saplings (2-4 m), and 
mature canopy trees. These collection were done in three independent studies - saplings 
(chapter 2 in this thesis), seedlings by Kenlan (2006) and mature trees by Wiersma 
{unpublished). Methods for all three collections were similar and are briefly described 
below. Trees selected for analysis were located on randomly distributed plots with 
known sugar maple populations across both watersheds. Plots were established using a 
30 m increment grid system for random selection points. Foliage was collected in late 
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summer of 2005 and 2006. In mature trees, foliage was taken from the south upper 
crown in the last week of July 2006 (EB=11, WB=13) (methods the same as in Elvir 
2005). Sapling foliage was taken from the upper third of the canopy in the second week 
of August 2006 (EB=36, WB=37). Most foliage was removed from seedlings in order 
to collect sufficient tissue for analyses; they were collected in the second week of 
September 2005 (EB=28, WB=24) (Kenlan 2006). Leaves were collected using powder-
free latex gloves and were placed in paper bags. 
Bags were placed in a 70°C drying room and dried to a constant mass. Dried 
leaves were ground to a 20 mesh using a clean Wiley mill. Chemical analyses were 
performed at the Analytical Laboratory of the Maine Agricultural and Forest Experiment 
Station at the University of Maine. Total N was determined by the combustion (Dumas) 
method. Other nutrients were determined by inductively coupled plasma atomic emission 
spectrophotometry (ICP-AES). Preparation for this analysis included dry ashing samples 
at 550°C for 5 hours in a muffle furnace and a digestion in 50% HCl (Kalra and Maynard 
1991). 
Mature sugar maple foliar chemistry data collected previous to 2005 are included 
in figures 1 -4 to provide context for current foliar concentrations. Historical data was 
collected in several independent studies. Analysis of historical N, P, K, Mg, and Mn 
were already published and analyzed in Elvir et al. (2005). Historical C and trace 
elements (Al, Zn, B, and Cu) were published in Elvir et al (2006) for 2002 and 2003; 
1998-2000 trace element data was from Rustad (unpublished); foliar trace elements from 
1993 were published by White et al. (1999). 
56 
Statistical A nalyses 
Statistical analyses were conducted using (SYSTAT v. 12.0 [SPSS Science, 
Chicago, Illinois]). Analysis of variance (ANOVA) was used to detect variations in each 
population or groups of populations for each element. 'Watershed' (EB and WB) and 
'Size Class' (seedling, sapling, and mature) were used as factors, where individual age 
classes were grouped by watershed and then age classes were grouped across watersheds 
(Table 1). Tukey's Honestly Significant Difference (HSD) test was used post hoc for 
detecting differences between all six populations. Data transformations were required 
for some elements to meet the assumptions of normality and equal variance. Log 
transformations were applied to Ca, K, Mg, Mn, Al, B, Fe, Zn, and C:N and Ca:Al ratios. 
One outlier was removed from seedling Mn data, as its value was an order of magnitude 
higher than any other point, which changed the mean of the population significantly. 
Noted significant differences between watersheds for data prior to 2005 are based on the 
original authors' work. 
Foliar Chemistry of Unhealthy Stands 
In order to put BBWM foliar chemistry in perspective, the foliar chemistry of 
sugar maple stands that were in moderate to severe decline were compiled from available 
literature. Sites included were in Pennsylvania (Kolb and McCormick 1993), (Horsley et 
al. 2000, Kogelmann and Sharpe 2006), (Long 1997, Wargo et al. 2002), Vermont (Liu et 
al. 1997, Schaberg 2006), and Quebec (Moore et al. 2000). Kolb and McCormick (1993) 
compiled ranges of foliar nutrients found in healthy trees, which has been broadly used as 
a standard for foliar chemistry comparisons in sugar maple. By compiling the nutrient 
ranges present in declining sugar maples and making comparisons with ranges from 
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healthy stands, we hope to understand what nutrients are critical players in observed 
declines and which are inconsequential. 
Results 
Size Class Effects 
The initial results of the ANOVA analysis showed that, in every foliar constituent 
analyzed, tree size played a significant role in determining foliar concentrations (p<0.05, 
Table 3.1). To be clear, a significant difference in just one size class (watersheds 
combined) can lead to a significant result. Size class also had a significant effect on the 
stoichiometry of foliage, which will be explored further in proceeding sections. 
Table 3.1 ANOVA Results. Analyses detecting differences between foliar 
chemistry of size classes and treatment. Null hypothesis for 'SIZE CLASS' 
being there are no significant differences between the foliar chemistry (eg 
nitrogen concentration) of seedlings, saplings, and mature trees. Sugar maple 
foliar chemistries of all size class were grouped by watershed (East Bear and 
West Bear) to test the null hypothesis that the treatment has induced no chemical 
differences in foliage of sugar maple. See table 3.2 for means of each population. 
ELEMENTS 
mgkg"1 
%C 
%N 
Ca 
K 
Mg 
P 
Mn 
Al 
B 
Cu 
Fe 
Zn 
C:N 
N:P 
Ca:Al 
SIZE CLASS 
F-statistic p-value 
205.6 O.001 
38.1 <0.001 
119.4 O.001 
26.4 O.001 
165.4 O.001 
6.5 0.002 
17.3 O.001 
39.7 O.001 
8.4 O.001 
3.1 0.046 
4.9 0.009 
98.3 O.001 
113.0 O.001 
13.2 O.001 
16.1 <0.001 
WATERSHED 
F-statistic p-value 
2.3 0.129 
63.9 O.001 
18.9 <0.001 
35.6 O.001 
6.9 0.010 
13.0 O.001 
3.7 0.057 
11.1 0.001 
2.4 0.120 
0.0 0.967 
1.9 0.172 
0.1 0.712 
29.4 O.001 
17.5 O.001 
22.4 O.001 
WATERSHED *SIZE 
CLASS 
F-statistic p-value 
0.1 0.748 
2.4 0.097 
2.0 0.138 
10.3 0.000 
0.2 0.847 
6.7 0.002 
5.6 0.004 
5.6 0.005 
0.2 0.797 
0.4 0.645 
0.9 0.390 
0.4 0.647 
1.8 0.180 
1.9 0.157 
6.3 0.002 
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Looking across all elements, mature sugar maple foliar chemistry was distinct 
from juvenile (seedlings and saplings) foliar chemistry. Element concentrations were 
equal or lower than the concentrations in juveniles, in all elements except C (Figure 3.2). 
Seedlings and saplings, in comparison, showed many similarities in foliar chemistry. 
Seedlings have significantly higher Ca, Al, and zinc (Zn) compared to saplings (Figures 
3.1 and 3.3); the remaining elemental differences were equivocal between juveniles. 
Treatment Effects 
The initial results of the analysis of variance showed that the watershed (and 
presumably levels of N and S deposition) played a significant role in determining foliar 
concentrations of N, P, K, Ca, Mg, and Al (p<0.05, Table 3.1). To be clear, a significant 
difference in watersheds (age classes combined) leads to a significant result. Manganese 
showed marginal significance (p=0.057). Watershed/treatment also had a significant 
effect on stoichiometric relationships between elements. Total C, B, Cu, Fe, and Zn 
showed no significant effects by treatment alone. There were also interactive effects 
between treatment and size. K, P, Mn, Al and Ca:Al ratios had significant interactive 
effects between tree size and treatment (Table 3.1). 
The Base Cations: Calcium, Magnesium and Potassium 
There was no pre-treatment data available for BBWM foliar chemistry. The first 
measurement of foliar chemistry was in 1993, 5 years after treatment began. As noted by 
Elvir et al. (2005), no inferences can be made about pre-treatment foliar element 
concentrations, though the watersheds and the chemistries of the streams draining each 
watershed were similar before treatment. Since 1998, foliar base cation concentrations 
have declined in mature sugar maples on both watersheds (Figure 3.1). However, 2006 
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Figure 3.1 Base Cations. Sugar maple foliar chemistry at BBWM. Left- Historical 
and current sugar maple foliar chemistry data. Seedlings were collected in 2005 and 
saplings in 2006. No other historical data available for juveniles. Historical mature data 
(1993-2003) previously published in Elvir (2005) and is included here to provide 
context. (*) notes significance, at the a=0.05 level, for 1993-2003 collections. Right -
comparisons of most recent foliar collections: means and standard deviations of 
seedlings (2005) sapling and mature (2006). East Bear (untreated West Bear (treated). 
Letters denoted honest significant differences (HSD) between the 6 groups at the a=0.05 
level. 
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concentrations in juveniles were close to, or exceeded, initial concentrations measured in 
mature sugar maples in 1993. 
Both seedlings and saplings had significantly lower Ca on the treated watershed 
compared to untreated juveniles. Seedlings had significantly more Ca than saplings 
within each watershed. Calcium was significantly lower in treated mature sugar maples 
in 1993 compared to untreated mature sugar maples. Since then there have been no 
significant differences between the untreated and treated mature sugar maple population; 
Ca had declined by 50% in both populations since 1998. 
Magnesium was not significantly different between watersheds in individual age 
classes, though collectively (by grouping 2006 age classes together), Mg was 
significantly lower in treated sugar maple compared to untreated (Table 3.1). There were 
no statistical differences between seedlings and saplings by watershed or age class. 
Similar to Ca, Mg had decline by 40% since 1993. 
By contrast, sugar maple had significantly higher K concentrations in treated 
juveniles compared to untreated juveniles. Untreated seedlings had low K 
concentrations, on par with mature sugar maples. All saplings and treated seedlings had 
significantly greater concentration of K compared to mature trees. Potassium was also 
significantly higher in 1993 treated mature sugar maple foliage compared to untreated 
sugar maples and had since come together and dropped collectively by 30%. 
Carbon, Nitrogen, and Phosphorus 
Carbon concentrations were not analyzed for seedlings and were infrequently 
sampled in mature trees historically. Current and historical differences in C 
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Figure 3.2 Macronutrients: Carbon, Nitrogen, and Phosphorus. Sugar maple foliar 
chemistry at BBWM. Left - Historical and current sugar maple foliar chemistry data. 
Seedlings were collected in 2005 and saplings in 2006. No other historical data available 
for juveniles. Historical mature data (1993-2003) previously published in Elvir (2005) and 
is included here to provide context. (*) notes significance, at the a=0.05 level, for 1993-
2003 collections. Right - comparisons of most recent foliar collections: means and standard 
deviations of seedlings (2005) sapling and mature (2006). East Bear (untreated) West Bear 
(treated). Letters denoted honest significant differences (HSD) between the 6 groups at the 
a=0.05 level. 
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concentrations between saplings and mature trees showed no treatment effects associated 
with C (Figure 3.2). Current foliar C concentrations in mature sugar maple are 1.8% 
higher than in saplings. Sapling C concentrations are similar to 1999 and 2000 levels 
found in mature trees. 
Nitrogen levels have remained significantly higher in all age classes of sugar 
maple on the treated watershed (Figure 3.2). Treated sugar maple N levels have been in 
a slight decline, while untreated mature sugar maples have demonstrated slight increases 
in N, since 1999 (Elvir et al. 2005). N was the only element that was significantly 
different in mature trees between watersheds. Juveniles contain greater concentrations of 
N compared to mature trees, and there are no significant differences between seedling 
and sapling foliar concentrations on the respective watersheds. Phosphorus (P) 
concentrations, aside from the year 2000, have not changed drastically from 1993 
concentrations (Figure 3.2). Measurements on 1993 mature trees and on 2006 juveniles, 
showed significantly greater levels P on treated sugar maple. Phosphorus levels were 
higher on treated juveniles, but untreated juveniles and mature sugar maples were 
statistically similar. Mature sugar maples have not shown significant differences in P 
since 2000. 
Manganese and the Trace Elements 
Historical trends in trace elements and Mn in mature sugar maple, compared to 
foliar macronutrients, tended to be more sporadic in concentrations and significance 
(Figures 3.3 and 3.4). Trends between 2006 age classes were similarly sporadic in 
significance. Manganese, Al, and Zn follow similar trends through time in mature trees -
peaking near the year 2000, and 2006 concentrations were near the lowest recorded levels 
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Figure 3.3 Manganese, Aluminum and Zinc. Sugar maple foliar chemistry at BBWM. 
Left - Historical and current sugar maple foliar chemistry data. Seedlings were collected 
in 2005 and saplings in 2006. No other historical data available for juveniles. Historical 
mature manganese data (1993-2003) previously published in Elvir (2005). Aluminum and 
Zinc data were collected from White et al (1999), Elvir et al. (2006), and Rustad et al. 
(unpublished). (*) notes significance, at the a=0.05 level, for 1993-2003 collections. 
Right - comparisons of most recent foliar collections: means and standard deviations of 
seedlings (2005) sapling and mature (2006). East Bear (untreated) West Bear (treated). 
Letters denoted honest significant differences (HSD) between the 6 groups at the a=0.05 
level. 
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Figure 3.4 Copper, Iron, Boron. Sugar maple foliar chemistry at BBWM. Left - Historical 
and current sugar maple foliar chemistry data. Seedlings were collected in 2005 and saplings 
in 2006. No other historical data is available for juveniles. Historical mature trace element 
data (1993-2003) was collected from White et al (1999), Elvir et al. (2006), and Rustad et al. 
(unpublished). (*) notes significance, at the a=0.05 level, for 1993-2003 collections. Right -
comparisons of most recent foliar collections: means and standard deviations of seedlings 
(2005) sapling and mature (2006). East Bear (untreated) West Bear (treated). Letters 
denoted honest significant differences (HSD) between the 6 groups at the a=0.05 level. 
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(Figure 3.3). Manganese was significantly different between treated and untreated 
seedlings but not different for saplings or mature trees. There was overlap in 
concentrations across age classes. Manganese was similar to P historically; it was 
significantly higher in treated trees until 2000, after which, there have been no significant 
differences. Foliar concentrations of Zn in 2006 showed significant decreases with tree 
size, though there were no statistical differences between watersheds in each size class. 
Aluminum concentrations were only significantly different across treatments for saplings. 
Seedlings were significantly higher in Al compared to mature trees, while saplings fell in 
between these levels. Copper (Cu) and iron (Fe) were not significantly different between 
any individual group (Figure 3.4). Boron (B) was significantly higher in treated juveniles 
compared to mature trees, but there were no significant differences between watersheds 
of any individual age class. Copper, Fe, and B were the only ones, besides C, that were 
not near the lowest levels recorded for mature sugar maple. 
Foliar Stoichiometry 
N:P, C:N, and molar Ca:Al ratios were significantly different when grouped by 
size class and by watershed (Table 3.1). N:P ratios (concentration based) in most size 
classes were similar - between 18.5 to 20, with the exception of EB mature sugar maple 
which had significantly lower N:P ratio of 16.1. 
Foliar C:N ratios in mature trees were significantly higher than sugar maple 
saplings (Figure 3.5). There were also significant differences in saplings foliar C:N ratios 
by watershed: 20 and 24 in WB and EB, respectively. Mature sugar maple foliar C:N 
ratios were not significantly different between watersheds. Carbon was not measured in 
seedlings, so this ratio could not be calculated. 
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Figure 3.5 Foliar Stoichiometry. Comparisons of 
most recent foliar collections: means and standard 
deviations of seedlings (2005) sapling and mature 
(2006). East Bear (untreated) West Bear (treated). 
Letters denoted significant differences between groups 
at the a=0.05 level. N:P and C:N ratios are 
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concentrations were first converted to molar 
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Untreated saplings have statistically higher molar Ca:Al ratios compared to the 
other populations (416±389, Figure 3.5). There were broad variations in sapling Ca:Al 
ratios based on slope position on the reference watershed. Those saplings on upper 
slopes have ratios more similar to what was seen in mature trees and seedlings (data not 
shown). Mature sugar maple foliar Ca:Al ratios were consistently low, with most 
concentrations hovering around a molar ratio of 100; ratios range from 35 to 159 in 
treated mature trees and 65-192 in untreated mature trees. 
Discussion 
Impacts ofN and S Deposition 
Seventeen years of ammonium sulfate treatment had the strongest impacts on 
decreasing foliar Ca and increasing K, N, and P levels in seedlings and saplings. This 
result was reflective of sites in the early stages of N saturation (Boggs et al. 2005). The 
treatment increased the mobilization and export rates of Ca and K and several other 
elements; Ca sustained the highest losses in the treated watershed, as it plays the largest 
role in balancing sulfate and nitrate export {Fernandez et al. 2003). Though one expects 
increasing mobilization and leaching of Ca, Mg, and K with elevated N and S deposition, 
plants can capture the mobilized materials within the soil solution. Through resorption 
and tight cycling of N, Mg, K, and P, woody plants can temporarily maintain high levels 
of these nutrients, in spite of their increasing exports. Calcium, because of its relative 
immobility within plant tissues, was largely lost with leaf abscission (McLaughlin and 
Phillips 2006). 
Commonly, Al and Mn availability was increased by acidic deposition, but sugar 
maple at BBWM show highly inconsistent patterns in foliar nutrient concentrations of 
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these metals. Manganese was actually lower in treated seedlings compared to untreated 
seedlings and there were no differences in saplings and mature trees. Aluminum was 
only significantly different in saplings. Perhaps this was consistent with the hypothesis 
that sugar maple juveniles at the site were in the early stages of N saturation, or they have 
access to a nutrient pool relatively protected from the acidification. The other trace 
nutrients - Zn, B, Fe, and Cu - are taken up and needed in very small quantities and show 
no evidence that they are influenced by treatment thus far. 
The impact of the treatment on mature trees was only to elevate foliar N. There 
were no apparent effects on Ca or any other base cation. In 1993, five years after 
treatment began, treated mature trees had significant differences in N as well as Ca, P. 
The foliar base cation levels were similar to levels demonstrated in current juveniles. 
The current levels of Ca and Mg in mature trees across both watersheds was far below 
levels recorded in healthy or unhealthy sugar maple stands in the literature (see table 2). 
It was clear that this was not solely a consequence of the treatment, and we will explore 
its causes and ramifications in the next section. 
Impacts of Tree Size 
This study indicates that juvenile trees have higher base cation concentrations, N, 
P, Mn, Al, and Zn compared to mature trees. Conversely, mature trees have nearly 2% 
higher foliar C than saplings. There are several possible explanations for these 
differences between size classes. We will address the three most relevant issues brought 
up by this data set (1) morphological and niche (2) disturbance and (3) methodology. 
Rooting and physiology: There are strong differences in structural complexity, 
physiology, and environment between large, canopy level trees and juveniles in forest 
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environments. In general, root:shoot ratios decline with age and rooting depth increases; 
mature sugar maple are known to have particularly deep roots that they use to bring up 
water and nutrients from deeper soil layers (Emerman and Dawson 1996). Leaf mass per 
area was consistently higher in mature trees compared to juveniles across species, and 
photosynthetic capacity tends to increase with age (Thomas and Winner 2002). 
There are many examples of differences in age classes of trees, but very few 
publications have directly compared foliar nutrient concentrations between juveniles and 
mature trees. Adams (2006) showed no significant differences in foliar P, Mg, or N:P 
ratios between juveniles and mature red spruce. In even aged stands of mountain beech 
in New Zealand, Clinton et al (2002) attributed declining levels of foliar Ca and Mg with 
tree size to soil changes induced by stand development; the authors found no consistent 
changes in N, P, or K. Momen and Helms (1996) didn't directly compare size classes but 
showed similar levels of foliar C and higher levels of N in ponderosa pine needles of 
mature trees compared to seedlings. Gradowski and Thomas (2007) also presented, but 
did not do statistical comparisons of, the foliar chemistry of saplings and mature sugar 
maple trees. They showed similar levels of foliar N and P between size classes, but 
found higher levels of Ca, Mg, and K in saplings. 
The sparseness and inconsistency of this literature review does not induce any 
confidence that tree size was a sufficient explanation for the pattern of foliar nutrients 
between mature trees and juveniles that was apparent in this data set. Studies of soils at 
BBWM, and many other forested sites, show the greatest nutrient concentrations are 
held in the upper horizons of the soil because of biological activity (Fernandez et al. 
2003). If juvenile sugar maple had a greater fraction of fine roots within the upper soil 
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layers, they may have greater access to exchangeable nutrients compared to mature trees. 
This has not been confirmed at BBWM, but it could be a reasonable explanation for the 
higher levels of nutrients present in juveniles at the site. The decrease of Ca between the 
seedling and saplings was consistent with this hypothesis, but the decline of Al in these 
size classes was antithetical to the hypothesis, as Al dominates more exchange sites at 
depth. The changes in foliar chemistry of mature sugar maple over time suggest that 
there are additional factors at play at the site. 
Disturbance: Historical data indicates that base cation concentrations have been 
in steep decline in mature sugar maple on both watersheds since 1998 - a decline of up to 
50% in eight years. Also in 1998, there was a return of radial increment growth in treated 
mature trees back to reference levels, after WB trees had demonstrated elevated growth 
rates since the ammonium sulfate treatment began (Elvir et al 2004). Mature trees on 
both watersheds have demonstrated reduced growth rates since (Wiersma, unpublished). 
The joint loss of base cations and decline in growth since 1998, coincides with a severe 
regional ice storm which occurred in January of 1998. Norton et al. (2004) noted that up 
to a third of the hardwood canopy was lost at the site because of several centimeters of 
ice weighing down branches. The damage was sufficient to induce increases in base 
cation and N export for two years on both watersheds, either from increased 
decomposition of biomass or reduced up take from diminished canopies (Norton et al. 
2004). Also during this period, there was an increase in height growth by sugar maple 
saplings on the treated site (see Chapter 2, this text). The coalescence of this data points 
to the conclusion that mature sugar maple trees were preferentially and severely impacted 
by glaze damage, but there may be a few more concepts to add to the story. 
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Methodology: Because the foliar sampling for each size class was part of three 
independent studies, the foliar collection occurred at different times. Mature trees had 
the earliest collection time at the end of July. Two weeks later sapling foliage was 
collected. One month after that, in mid September, seedling foliage was collected. 
Duschesne et al. (2001) monitored season changes in sugar maple foliar chemistry for 
one year. He found that N, P, K, and Mg reaching a maximum at the end of May and 
slowly decreased until senescence. By contrast Ca increased slightly throughout the 
growing season. Between July 15 and September 24, foliar chemistry stayed relatively 
constant. Another seasonal study of foliar chemistry in red spruce and balsam fir in 
Maine demonstrated similar results (Fernandez et al. 1990). The differences we see in 
Ca, may have been accentuated by the delay in foliar collections, but effects on the 
macronutrients such as N, P, K, and Mg would have been the opposite of what was 
demonstrated in this data set. In addition, foliar chemistry changes were small in the 
seasonal studies of sugar maple and red spruce nutrient dynamics, we therefore conclude, 
that the delay in collections probably had minimal impacts on foliar chemistry. 
The inconsistent measures of C concentrations of the leaves also leave some ambiguity as 
to the influence of C concentrations on the remaining foliar constituents. The data set 
shows the C concentration did not respond to treatment and that C concentration in 
mature trees in 1998-2000 was similar to the current C concentrations in saplings. 
Because C was such a large fraction of the leaf, it was feasible that it could have a 
dilution effect on the remaining foliar constituents. The increase in C between 1998 and 
2006 is nearly double the cumulative reduction in nutrient uptake in mature 
Table 3.2 Healthy and Unhealthy Ranges. Arithmetic means and standard deviations of macro- and mic 
nutrients in three ages class of sugar maple. Units of carbon and nitrogen are percent. N:P and C:N ratio 
are unitless and based on concentrations. Ca:Al are based on molar concentrations and is also unitless T 
remaining constitutents are in parts per million or mg/kg. In addition, the broadly used Kolb and 
McCormick (1993) meta analysis of foliar chemical ranges found in healthy trees, are included. 'Unheal 
stands ' included here is a collection of ranges published for sugar maple foliar chemistry in severe or 
moderately declining stands. 
Elements 
and 
Ratios 
%C 
%N 
Ca 
K 
Mg 
P 
Mil 
Al 
B 
Cu 
Fe 
Zn 
N:P 
C:N 
Ca:Al 
Seedling 
-
2.01 
9571 
6769 
1434 
1036 
1272 
39.4 
43.6 
5.90 
53.6 
35.5 
19.2 
-
204 
(0.24) 
(3,621) 
(1,846) 
(324) 
(151) 
(630) 
(22.0) 
(7.8) 
(1.23) 
(24.5) 
(13.0) 
(2.0) 
(179) 
East Bear 
Sapling 
47.7 
2.03 
6922 
8275 
1380 
1102 
956 
17.3 
42.9 
6.04 
43.1 
23.8 
18.5 
23.8 
416 
(0.6) 
(0.25) 
(1872) 
(1745) 
(325) 
(122) 
(362) 
(9.1) 
(8.7) 
(1.24) 
(7.6) 
(9.8) 
(1.3) 
(3.0) 
(389) 
MEANS 
Mature 
49.4 
1.74 
2879 
6132 
611 
1087 
624 
20.2 
36.5 
5.56 
42.2 
14.7 
16.1 
28.8 
117 
(0.6) 
(0.20) 
(707) 
(696) 
(137) 
(154) 
(211) 
(6.7) 
(5.5) 
(1.16) 
(6.3) 
(3.3) 
(1.4) 
(3.2) 
(89) 
Seedling 
-
2.40 
6735 
11011 
1278 
1202 
880 
44.0 
48.9 
6.15 
49.0 
36.3 
20.0 
-
124 
(0.18) 
(2360) 
(2865) 
(334) 
(137) 
(445) 
(17.6) 
(17.6) 
(1.45) 
(9.7) 
(12.7) 
(2.1) 
(76) 
West Bear 
Sapling 
47.8 
2.38 
5367 
9736 
1253 
1230 
1064 
29.9 
47.3 
6.15 
47.2 
23.5 
19.6 
20.2 
136 
(0.5) 
(0.15) 
(1595) 
(1925) 
(251) 
(162) 
(464) 
(9.3) 
(11.3) 
(1.33) 
(6.3) 
(4.4) 
(2.0) 
(1.3) 
(68) 
Mature 
49.6 
1.91 
2732 
6557 
533 
1040 
571 
19.6 
37.6 
5.24 
42.5 
14.1 
18.5 
26.4 
101 
(0.5) 
(0.26) 
(805) 
(1383) 
(120) 
(114) 
(183) 
(5.6) 
(8.3) 
(1.58) 
(8.2) 
(3.0) 
(2.9) 
(3.7) 
(37) 
Nutrien 
Unhealthy 
Stands 
1.60-2.20 
3700-8100 
5600-9200 
617-1600 
1000-2165 
600-3200 
16-50 
5-8 
34-93 
9.5-19.5 
51-305 
Range 
Hea 
Sta 
1.60 
5000-
5500-
1100 
800-
632-
32 
3 
59-
29 
Note: Healthy ranges obtained from Kolb & McCormick (1993). Previously published concentrations for 
declining sugar maple were obtained from the following references: Horsley et al. (2000), Kogelmann & 
Sharpe (2006), Kolb & McCormick (1993), Lui et al (1997), Long et al. (1997), Moore et al. (2000), 
Schaberg et al. (2006), Wargo et al. (2002). 
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foliage (data not shown). The reasons for the high C concentration and high C:N ratios 
seen today are unclear. 
Healthy vs Unhealthy Foliar Chemistry 
The literature review of foliar chemistry of unhealthy stands demonstrates large 
overlap in all elemental ranges of unhealthy and healthy sugar maple (Table 3.2). The 
greatest shifts between the healthy and unhealthy stands are that shifts down in Ca and 
Mg. Ca and Mg are the elements mostly commonly associated with sugar maple decline 
and forest acidification, and this data set reinforces that. Also consistent with the broader 
literature was the doubling of Mn in some, but not all, unhealthy stands. Manganese is 
readily taken up into foliage, and has displacing effects on Ca in the foliage as well as the 
in the rhizosphere (McQuattie and Schier 2000). Unhealthy sugar maple stands have N, 
K, and Cu concentrations entirely within range of the healthy stands. Aluminum was 
found at lower levels in some unhealthy stands and P was actually higher in unhealthy 
stands. Though they may play a role in tree health, their similarities between healthy and 
unhealthy stands implies they don't play the key role in the decline. This was a fairly 
controversial and perhaps misleading statement, considering the documented role played 
by N, Al, P, and K at some sites. Phosphorus was often considered a limiting nutrient in 
sugar maple experiencing N-saturation. Yet, we see N:P ratios in unhealthy stands 
between 9.5-19.5. N:P ratios between 14 and 16 are considered healthy ratios (Tessier 
and Raynal 2003). Lower ratios are thought to be indicative of N limitations and high 
ratios indicative of P limitations. Potassium was considered limiting especially in 
74 
Ontario. The lower Al in unhealthy trees may call into question the usefulness of foliar 
Ca Al ratios, which question was already been presented by numerous authors. 
Overall, these comparisons show that foliar nutrient concentrations cannot alone 
predict tree health. Also, it shows our knowledge was still somewhat limited as to what 
healthy levels of individual nutrients are for sugar maple. The data does reinforce the 
ideas that Ca and Mg are low in declining stands, and high Mn levels are common in 
some declining sites. 
Comparisons between current BBWM sugar maple foliar chemistry and these 
healthy and unhealthy tree ranges reveal some interesting points. Levels of Ca and Mg in 
mature sugar maples at BBWM are below that published even for unhealthy trees. 
Concentrations of both of these base cations have decreased by nearly half of 1993 levels 
on both watersheds. Al and Zn levels in saplings and mature trees are also lower than 
what was seen in the range of healthy stands. 
The N levels of treated juveniles were higher than either healthy or unhealthy 
trees. The fertilization effect of ammonium sulfate was most likely responsible for that 
difference. Levels of K were within the lower ranges of both healthy and unhealthy 
trees, with the exception of treated saplings which have extremely high K. Levels of P 
were moderate and within literature ranges. Levels of Mn, B, Cu, and Fe were not 
notably different than healthy ranges. Stoichiometric measures were not included in 
Kolb and McCormick's healthy sugar maple data. Ca:Al ratios at BBWM are within the 
ranges presented for unhealthy trees. Long (1997) suggested that Ca:Al ratios below 100 
could be indicative of decline, though the presented unhealthy stands have ratios up to 
300. Treated sugar maple and untreated mature sugar maple at BBWM have very low 
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mean values ranging from 101-136. N:P ratios are in the higher ranges of the presented 
unhealthy values. This was a result of high N levels across both watersheds, and 
especially on the treated watershed. 
Conclusions 
This data set brings up many interesting questions about the influence of N and S 
deposition on sugar maple foliar chemistry and decline. Sharp declines in base cation 
levels and growth in mature trees seem to be influenced by the 1998 ice storm and 
possibly by differences in rooting niche. There was little evidence that 17 years of 
elevated N and S deposition was influencing current base cation or metal levels. 
Conversely, seedling and sapling foliar chemistry was more suggestive of early N 
saturation, showing lower levels of Ca and higher levels of N, P, and K in treated 
juveniles compared to untreated juveniles. Manganese and the trace nutrients show a lot 
of variability through time and it was difficult to draw any conclusions about the 
influence of acidification or tree size on the uptake of these elements. 
Overall, the importance of this paper was to highlight the possibility that different 
classes of sugar maple may respond differently to the pressures of acidic deposition. It 
highlights the importance of disturbance in sugar maple decline. Comparisons of foliar 
nutrients from healthy and unhealthy stands reveal a lot of surprising results, but also 
reinforce the visible declines in foliar Ca and Mg in declining stands. Further study was 
necessary to clarify the necessary levels of macronutrients in sugar maple. There also 
needs to be further investigations into the niche differences between size classes and what 
drives differences in foliar chemistry. 
* - ? » « ™ - . -
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APPENDIX 
Table Al Tagged Saplings at BBWM 
DBH = diameter at breast height (1.3 m) 
BD = diameter 10 cm above the duff layer 
West Bear 
~# i TREE ID 1 I 1D2 I DBH I BD I Height 
m m m m m 
1 N10 WOO 1 SB 100 15.3 21.8 2.8 
2 N10 WOO 2 SB 101 7.1 10.1 2.1 
3 N10 WOO 3 SB 102 12.2 17.7 3.3 
4 N10 WOO 4 SB 103 15.2 24.0 2.4 
5 N10 WOO 5 SB 104 10.3 15.6 3.8 
6 N10 WOO 6 SB 105 11.2 18.8 2.5 
7 N10 WOO 7 SB 106 12.2 18.5 2.5 
8 N10 WOO 8 SB 107 6.3 12.2 2.0 
9 N10 WOO 9 SB 108 6.8 15.2 2.1 
10 N10 WO 10 SB 9 9.1 24.3 2.2 
11 N10 WO 11 SB 10 18.3 38.5 3.8 
12 N10 WO 12 SB 11 16.7 25.8 3.5 
13 N10 WO 13 SB 12 13.0 26.5 3.3 
14 K11 WOO 1 SB 13 8.0 13.8 2.0 
15 K11 WOO 2 SB 14 7.9 20.0 2.3 
16 K11 WOO 3 SB 15 14.0 22.0 3.3 
17 K11 WOO 4 SB 16 11.4 15.8 2.4 
18 K11 WOO 5 SB 17 8.8 13.5 2.2 
19 K11 WOO 6 SB 18 12.0 23.4 2.4 
20 J11 WOO 1 SB 19 12.1 18.4 2.5 
21 J11 WOO 2 SB 20 10.2 16.5 2.3 
22 J11 WOO 3 SB 21 13.2 18.4 3.1 
23 J11 WOO 4 SB 22 14.1 20.4 . 3.0 
24 J11 WOO 5 SB 23 11.2 18.6 2.6 
25 J11 WOO 6 SB 24 13.7 21.8 3.0 
26 J11 WOO 7 SB 25 10.4 14.3 2.3 
27 J11 WOO 8 SB 26 9.6 15.7 2.8 
28 J11 WOO 9 SB 27 10.3 15.4 2.5 
29 J11 WO 10 SB 28 8.2 15.7 2.4 
30 J11 WO 11 SB 29 7.5 15.2 2.1 
31 J11 WO 12 SB 32 7.1 14.1 2.1 
32 J11 WO 13 SB 33 9.2 14.5 2.6 
33 J11 WO 14 SB 34 10.1 14.2 2.5 
34 J11 WO 15 SB 35 8.0 15.0 2.7 
35 J11 WO 16 SB 36 12.8 18.5 3.5 
36 J11 WO 17 SB 37 10.1 15.8 2.3 
37 J11 WO 18 SB 38 10.0 15.3 2.7 
38 J11 WO 19 SB 39 12.5 25.5 2.7 
39 J11 WO 20 SB 40 7.7 11.1 2.4 
40 J11 WO 21 SB 41 11.5 18.7 2.5 
41 J11 WO 22 SB 42 11.2 22.0 3.1 
42 J12 WOO 1 SB 43 13.8 18.4 2.7 
43 J12 WOO 2 SB 44 6.8 29.0 2.2 
44 117 WOO 1 SB 62 8.2 13.8 2.6 
45 117 WOO 2 SB 63 14.0 20.0 3.7 
46 117 WOO 3 SB 64 9.9 16.8 2.3 
47 117 WOO 4 SB 65 10.0 15.8 2.0 
48 117 WOO 5 SB 66 13.0 20.2 2.3 
49 012 WOO 1 SB 67 5.5 10.6 2.0 
50 012 WOO 2 SB 68 9.4 14.9 3.0 
51 012 WOO 3 SB 69 17.2 26.4 4.0 
52 012 WOO 4 SB 70 9.8 14.4 3.0 
53 012 WOO 5 SB 71 14.7 20.2 3.5 
54 012 WOO 6 SB 72 10.4 14.2 2.9 
55 N12 WOO 1 SB 73 12.2 16.6 3.3 
56 N12 WOO 2 SB 74 10.7 16.8 2.8 
57 N12 WOO 3 SB 75 7.2 13.4 2.1 
58 N12 WOO 4 SB 76 6.5 12.6 2.0 
59 N12 WOO 5 SB 77 11.6 18.2 2.7 
60 N12 WOO 6 SB 78 23.9 30.3 3.9 
61 N12 WOO 7 SB 79 18.6 25.3 4.0 
62 N12 WOO 8 SB 80 8.3 13.3 2.1 
63 N12 WOO 9 SB 81 9.3 18.5 2.3 
64 N12 WEO 10 SB 82 6.9 11.4 2.0 
65 M10 WOO 1 SB 83 10.3 16.8 2.3 
66 M10 WOO 2 SB 84 17.9 33.3 3.9 
67 M10 WOO 3 SB 85 12.4 21.7 2.7 
68 M10 WOO 4 SB 86 10.1 17.1 2.8 
69 M10 WOO 5 SB 87 12.1 16.1 2.8 
70 M10 WOO 6 SB 88 9.0 12.8 2.1 
71 M10 WOO 7 SB 89 7.0 13.5 2.1 
72 M10 WOO 8 SB 90 10.8 17.8 2.2 
73 E17 WOO 1 SB 91 10.1 18.0 2.0 
74 M11 WOO 1 SB 130 9.0 16.0 2.1 
75 M11 WOO 2 SB 131 9.9 22.6 2.2 
76 M11 WOO 3 SB 132 15.4 9.1 2.4 
77 M11 WOO 4 SB 133 8.8 17.0 2.2 
78 M11 WOO 5 SB 134 13.3 19.3 3.5 
79 M11 WOO 6 SB 135 7.2 14.3 2.0 
80 M11 WOO 7 SB 136 9.4 14.3 2.3 
81 M11 WOO 8 SB 137 8.9 13.8 2.4 
82 M11 WOO 9 SB 138 5.1 10.0 2.0 
83 M11 WO 10 SB 139 16.4 12.8 2.1 
84 M11 WO 11 SB 140 9.8 15.5 3.0 
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10.3 
14.3 
13.3 
8.2 
in 
16.8 
9.2 
10.8 
17.5 
8.2 
13.8 
7.6 
9.6 
8.4 
8.4 
13.7 
6.4 
8.8 
9.3 
9.8 
7.5 
14.2 
21.3 
14.0 
11.9 
12.1 
13.5 
28.2 
25.6 
17.1 
18.8 
13.2 
11.4 
21.2 
13.6 
15.4 
15.0 
14.2 
13.5 
21.0 
17.3 
11.4 
23.0 
10.5 
21.3 
14.6 
22.0 
11.8 
18.4 
24.8 
19.6 
11.0 
12.0 
29.0 
19.0 
16.8 
23.8 
12.3 
19.8 
14.8 
14.7 
11.0 
13.2 
27.7 
9.4 
14.8 
17.1 
15.0 
10.7 
18.4 
2.6 
2.5 
2.2 
2.0 
2.1 
3.3 
3.7 
3.7 
3.8 
2.2 
2.0 
2.7 
2.4 
2.5 
3.6 
2.4 
2.2 
3.5 
3.5 
2.1 
3.3 
2.1 
2.4 
2.7 
3.0 
2.1 
2.5 
3.3 
3.2 
2.5 
2.5 
3.3 
2.3 
3.5 
3.4 
2.5 
4.0 
2.1 
3.5 
2.9 
2.4 
3.0 
2.2 
2.6 
2.9 
2.7 
2.1 
3.1 
92 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
10.1 
15.0 
6.0 
6.8 
8.2 
8.3 
6.2 
8.9 
9.7 
8.1 
13.0 
8.6 
11.7 
7.9 
8.1 
7.9 
8.0 
10.9 
9.3 
8.1 
6.8 
8.1 
16.0 
9.0 
8.2 
12.3 
6.9 
8.8 
12.6 
11.8 
11.6 
12.0 
6.2 
9.7 
10.7 
14.9 
12.9 
10.4 
12.3 
6.7 
15.6 
12.2 
8.5 
13.9 
11.0 
10.5 
8.6 
12.6 
20.1 
19.4 
12.7 
11.3 
14.8 
20.3 
10.3 
12.3 
12.5 
12.9 
18.0 
16.1 
20.2 
17.0 
13.0 
13.9 
12.2 
16.0 
16.4 
15.6 
10.9 
13.0 
23.2 
14.7 
11.4 
16.0 
11.4 
13.7 
18.0 
16.4 
16.1 
20.1 
10.8 
15.3 
13.7 
17.3 
18.2 
13.7 
17.4 
14.2 
20.0 
18.6 
12.8 
20.4 
17.3 
15.4 
12.7 
16.7 
2.6 
2.8 
2.2 
2.0 
2.1 
2.2 
2.1 
2.3 
2.0 
2.1 
3.0 
2.1 
2.6 
2.2 
2.0 
2.5 
2.4 
2.7 
2.7 
2.6 
2.3 
2.2 
3.4 
2.5 
2.4 
2.8 
2.1 
2.6 
3.1 
3.4 
2.8 
2.6 
2.0 
2.2 
2.9 
3.4 
2.8 
2.5 
3.2 
2.0 
3.6 
3.0 
2.7 
3.2 
2.8 
2.3 
2.7 
2.8 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
L12 
116 
116 
F16 
K14 
K14 
K14 
K14 
K14 
K14 
K14 
K14 
K14 
K14 
K14 
K14 
K13 
K13 
K13 
K13 
K13 
K13 
L14 
L14 
L14 
L14 
L14 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
wo 
WO 
WO 
WO 
WO 
WO 
WO 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
wo 
wo 
wo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
woo 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
1 
2 
1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
275 
276 
277 
278 
279 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
295 
296 
297 
298 
299 
300 
301 
16.2 
10.4 
8.3 
10.5 
17.2 
14.2 
9.8 
9.2 
14.4 
11.6 
11.0 
10.3 
9.8 
11.0 
8.3 
20.7 
8.1 
10.9 
7.3 
7.2 
12.1 
8.5 
9.3 
10.6 
8.4 
17.0 
13.3 
8.8 
8.8 
7.5 
9.9 
8.1 
13.0 
18.7 
8.3 
6.7 
12.2 
19.4 
11.6 
9.9 
7.4 
8.6 
17.4 
10.8 
12.4 
9.0 
6.6 
7.0 
21.6 
18.8 
12.3 
17.0 
25.3 
22.1 
14.5 
12.4 
19.8 
18.0 
17.8 
18.0 
15.1 
14.8 
12.4 
36.4 
13.3 
14.8 
13.5 
12.1 
18.0 
13.5 
17.2 
15.0 
14.7 
24.8 
21.4 
10.8 
14.1 
11.8 
15.4 
13.9 
19.3 
28.2 
16.8 
13.1 
21.4 
39.9 
24.4 
21.9 
13.2 
13.8 
30.3 
15.4 
17.7 
15.1 
11.6 
11.2 
3.7 
2.6 
2.4 
2.6 
3.3 
3.3 
2.4 
2.4 
4.0 
2.8 
2.6 
2.4 
2.2 
2.7 
2.0 
4.0 
2.1 
3.0 
2.4 
2.3 
3.2 
2.3 
2.4 
2.8 
2.1 
2.9 
2.7 
2.3 
2.0 
2.0 
2.9 
2.2 
3.2 
3.8 
2.1 
2.2 
2.0 
3.3 
2.5 
2.2 
2.0 
2.3 
3.5 
2.0 
2.9 
2.0 
2.0 
2.1 
229 M13 WOO 1 SB 302 7.9 12.9 2.4 
230 M13 WOO 2 SB 303 11.9 18.3 2.4 
231 M13 WOO 3 SB 304 18.9 28.1 3.9 
232 M13 WOO 4 SB 305 10.4 19.5 2.2 
233 M13 WOO 5 SB 306 12.5 18.2 3.1 
234 M13 WOO 6 SB 307 14.7 24.0 3.7 
235 M13 WOO 7 SB 308 20.0 26.7 3.7 
236 M13 WOO 8 SB 309 10.1 17.8 3.9 
237 M13 WOO 9 SB 310 15.6 22.1 3.6 
238 M13 WO 10 SB 311 7.1 15.2 2.3 
239 M13 WO 11 SB 312 6.6 13.2 2.0 
240 M13 WO 12 SB 313 6.6 13.1 2.0 
241 M13 WO 13 SB 314 13.5 18.7 3.5 
242 M13 WO 14 SB 315 9.2 14.5 2.8 
243 M13 WO 15 SB 316 9.0 14.2 2.4 
244 M13 WO 16 SB 317 7.4 12.9 2.1 
245 M13 WO 17 SB 318 9.4 13.8 2.7 
246 M13 WO 18 SB 319 12.4 16.5 2.4 
247 M13 WO 19 SB 320 11.9 15.8 2.6 
248 M13 WO 20 SB 321 14.3 19.9 3.0 
249 M13 WO 21 SB 322 8.0 12.3 2.8 
250 M13 WO 22 SB 323 7.6 10.8 2.5 
251 M13 WO 23 SB 324 6.1 9.4 2.2 
252 M13 WO 24 SB 325 8.9 12.7 2.6 
253 M13 WO 25 SB 326 8.3 12.0 2.4 
254 M13 WO 26 SB 327 9.4 14.7 2.5 
255 M13 WO 27 SB 328 9.6 13.8 2.7 
256 M13 WO 28 SB 329 8.3 15.5 2.2 
257 M13 WO 29 SB 330 10.5 17.6 3.0 
258 M13 WO 30 SB 331 22.5 34.3 3.9 
259 M13 WO 31 SB 332 17.9 27.1 3.5 
260 M13 WO 32 SB 333 9.4 18.3 2.3 
261 M13 WO 33 SB 334 8.1 13.5 2.5 
262 M13 WO 34 SB 335 14.8 24.0 3.1 
263 M13 WO 35 SB 336 15.4 22.7 2.9 
264 M13 WO 36 SB 337 11.2 17.7 2.8 
265 M13 WO 37 SB 338 13.3 21.0 3.2 
266 M13 WO 38 SB 339 8.3 16.3 2.1 
267 M13 WO 39 SB 340 8.7 17.0 2.2 
268 M13 WO 40 SB 341 9.5 17.9 2.0 
269 M13 WO 41 SB 342 9.3 17.3 2.1 
270 M13 WO 42 SB 343 16.0 22.0 3.0 
271 M13 WO 43 SB 344 10.9 14.9 2.6 
272 M13 WO 44 SB 345 14.2 21.8 2.7 
273 M13 WO 45 SB 346 14.1 22.5 3.0 
274 M13 WO 46 SB 347 8.2 14.7 2.3 
275 M13 WO 47 SB 348 9.6 16.6 2.2 
276 M13 WO 48 SB 349 9.1 17.4 2.3 
94 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
295 
296 
297 
298 
299 
300 
301 
302 
303 
304 
305 
306 
307 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
324 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
M13 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
WO 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
wo 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
350 
351 
352 
353 
354 
355 
356 
357 
358 
359 
360 
361 
362 
363 
364 
365 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 
384 
385 
386 
387 
388 
389 
390 
391 
392 
393 
394 
395 
396 
397 
11.6 
8.4 
9.7 
12.8 
10.6 
7.0 
8.3 
9.9 
9.0 
8.5 
8.1 
14.3 
13.6 
10.4 
13.0 
12.5 
9.6 
11.1 
16.4 
7.8 
10.6 
9.9 
9.5 
7.3 
8.9 
10.2 
7.8 
15.1 
15.0 
7.8 
7.3 
9.7 
6.0 
5.8 
7.7 
6.6 
11.7 
10.5 
14.0 
5.3 
12.6 
7.5 
7.0 
5.9 
7.7 
8.9 
16.3 
13.3 
21.3 
13.1 
14.6 
19.1 
16.9 
12.8 
15.0 
15.6 
15.7 
12.6 
16.9 
19.5 
22.0 
16.0 
20.1 
20.8 
12.1 
16.2 
22.6 
13.0 
18.2 
14.7 
18.2 
14.5 
14.6 
14.9 
11.6 
22.8 
24.2 
12.9 
14.7 
14.2 
10.4 
10.7 
11.4 
12.5 
16.6 
17.0 
20.9 
11.3 
16.2 
14.0 
15.5 
10.2 
15.7 
15.7 
22.1 
22.9 
2.6 
2.4 
2.3 
2.5 
2.5 
2.0 
2.5 
2.5 
2.4 
2.4 
2.6 
3.0 
3.4 
2.3 
2.9 
2.3 
2.8 
2.7 
3.2 
2.4 
2.7 
2.4 
2.3 
2.1 
2.5 
2.4 
2.7 
3.1 
3.2 
2.2 
2.5 
2.9 
2.2 
2.1 
2.7 
2.3 
2.8 
2.5 
2.8 
2.2 
3.3 
2.2 
2.4 
2.2 
2.4 
2.5 
3.2 
3.0 
325 M13 WO 97 SB 398 11.8 15.4 3.5 
326 M13 WO 98 SB 399 5.6 11.0 2.1 
327 M13 WO 99 SB 400 7.0 10.9 2.2 
328 M13 W ## SB 401 7.4 15.6 2.4 
329 M13 W ## SB 402 12.6 17.5 2.9 
330 M13 W ## SB 403 14.8 22.8 3.5 
331 M13 W ## SB 404 8.5 11.3 2.6 
332 M13 W ## SB 405 6.1 10.6 2.1 
333 M13 W ## SB 406 10.0 18.1 2.8 
334 M13 W ## SB 407 12.8 18.6 3.5 
335 M13 W ## SB 408 5.7 12.0 2.3 
336 M13 W ## SB 409 16.8 39.4 3.1 
337 M13 W ## SB 410 6.5 10.5 2.0 
338 M13 W ## SB 411 7.1 12.8 2.1 
339 M13 W ## SB 412 9.8 14.4 2.7 
340 M13 W ## SB 413 17.2 24.1 3.6 
341 M13 W ## SB 414 10.5 16.3 2.6 
342 M13 W ## SB 415 9.8 15.4 2.7 
343 M13 W ## SB 416 9.5 17.2 2.8 
344 M13 W ## SB 417 9.0 15.6 2.4 
345 M13 W ## SB 418 6.8 11.5 2.3 
346 M13 W ## SB 419 5.2 10.9 2.0 
347 J M13 W ## | SB 420 | 8.9 | 15.7 [ 2.1 
Tagged Trees 
East Bear 
~# I TREE ID 1 I ID2 I DBH I BD I Height 
mm mm m 
1 M26 EOO 1 SB 31 17.7 24.5 3.8 
2 027 EOO 1 SB 30 14.8 25.0 2.2 
3 R13 EOO 1 SB 46 7.1 13.3 2.0 
4 Q14 EOO 1 SB 47 11.1 17.0 2.5 
5 Q14 EOO 2 SB 48 11.8 18.5 2.8 
6 Q14 EOO 3 SB 49 13.7 20.3 3.2 
7 Q14 EOO 4 SB 50 8.3 15.7 2.2 
8 Q14 EOO 5 SB 51 8.5 12.5 2.0 
9 Q14 EOO 6 SB 52 10.0 14.7 3.0 
10 Q14 EOO 7 SB 53 7.3 13.0 2.0 
11 Q14 EOO 8 SB 54 5.2 10.2 2.0 
12 Q14 EOO 9 SB 55 10.0 16.0 2.7 
13 Q14 EO 10 SB 56 6.5 12.2 2.0 
14 N19 EOO 1 SB 57 9.8 14.0 2.6 
15 N19 EOO 2 SB 58 8.0 13.5 2.4 
16 N19 EOO 3 SB 59 11.2 16.5 3.0 
17 N19 EOO 4 SB 60 6.9 15.8 2.0 
18 P18 EOO 1 SB 61 8.5 17.5 2.2 
96 
19 M17 EOO 1 SB 92 18.7 26.9 3.3 
20 M17 EOO 2 SB 93 8.1 11.8 2.3 
21 M17 EOO 3 SB 94 13.9 18.2 4.0 
22 M17 EOO 4 SB 95 14.9 18.8 2.6 
23 M17 EOO 5 SB 96 15.4 23.5 3.9 
24 M17 EOO 6 SB 97 7.2 15.8 2.3 
25 T10 EOO 1 SB 98 9.0 15.1 2.7 
26 T10 EOO 2 SB 99 11.3 18.4 2.2 
27 T10 EOO 3 SB 1 9.2 15.6 2.1 
28 T10 EOO 4 SB 2 11.2 17.9 2.7 
29 T10 EOO 5 SB 3 13.0 20.5 2.7 
30 R12 EOO 1 SB 4 6.9 13.9 2.2 
31 R12 EOO 2 SB 5 10.5 15.0 2.7 
32 R12 EOO 3 SB 6 9.6 13.0 2.8 
33 R12 EOO 6 SB 7 10.4 16.3 2.9 
34 R12 EOO 7 SB 8 6.2 16.0 2.1 
35 R12 EOO 8 SB 109 8.1 15.6 2.2 
36 R12 EOO 9 SB 110 6.9 11.9 2.0 
37 P15 EOO 1 SB 111 10.3 16.5 3.5 
38 P15 EOO 2 SB 112 8.9 13.5 2.5 
39 P15 EOO 3 SB 113 10.4 16.1 2.7 
40 P15 EOO 4 SB 114 9.0 15.1 2.6 
41 P15 EOO 5 SB 115 11.3 16.8 3.1 
42 P15 EOO 6 SB 116 6.2 12.9 2.0 
43 P17 EOO 1 SB 117 12.8 26.0 2.6 
44 P17 EOO 2 SB 118 10.8 18.6 2.8 
45 P21 EOO 1 SB 119 11.6 18.8 2.7 
46 P21 EOO 2 SB 120 14.4 31.8 2.8 
47 P24 EOO 1 SB 121 9.0 16.2 2.3 
48 P24 EOO 2 SB 122 21.1 45.4 3.4 
49 P24 EOO 3 SB 123 12.3 18.3 2.0 
50 P24 EOO 4 SB 124 15.1 25.8 3.4 
51 P24 EOO 5 SB 125 15.0 25.0 2.9 
52 P24 EOO 6 SB 126 15.9 33.9 3.0 
53 P24 EOO 7 SB 127 11.8 18.6 2.1 
54 P24 EOO 8 SB 128 14.1 21.7 3.3 
55 P24 EOO 9 SB 129 8.7 15.9 2.1 
56 N18 EOO 1 SB 176 5.6 10.9 2.0 
57 N23 EOO 1 SB 182 9.8 14.8 2.5 
58 N23 EOO 2 SB 183 8.5 15.0 2.6 
59 N23 EOO 3 SB 184 5.3 15.8 2.2 
60 Q15 EOO 1 SB 185 7.2 12.5 2.4 
61 Q15 EOO 2 SB 186 9.0 13.6 2.5 
62 Q15 EOO 3 SB 187 15.4 25.4 2.7 
63 Q15 EOO 4 SB 189 11.5 19.1 2.7 
64 Q15 EOO 5 SB 188 9.5 16.4 2.6 
65 Q15 EOO 6 SB 190 10.4 15.9 2.7 
66 Q15 EOO 7 SB 191 12.0 21.6 2.9 
97 
T ^ " 
98 
67 
68 
69 
70 
71 
72 
73 
74 
75 
Q15 
Q15 
Q15 
Q15 
Q15 
Q15 
Q15 
Q15 
Q15 
E00 
EOO 
EOO 
EOO 
EOO 
EOO 
EOO 
EOO 
EOO 
8 
9 
10 
11 
12 
13 
14 
15 
16 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
192 
193 
194 
196 
195 
197 
198 
199 
200 
10.5 
7.7 
8.4 
5.5 
7.0 
9.7 
5.8 
23.0 
14.0 
16.6 
16.7 
17.2 
10.7 
15.7 
15.5 
12.6 
27.3 
20.0 
2.5 
2.4 
2.2 
2.1 
2.3 
2.5 
2.4 
3.9 
3.0 
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